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ABSTRACT
T h e re  h a s  b e e n  c o n s i d e r a b l e  p r o g r e s s  i n  t h e  t h e o r e ­
t i c a l  d e v e lo p m e n t  o f  t u r b u l e n t  s h e a r  f lo w  i n  p i p e s  s i n c e  
t h e  f o r m u l a t i o n  o f  th e  " m ix in g  l e n g t h "  t h e o r y ,  b u t  t h e  
p r e s e n t  k n o w le d g e  i s  s t i l l  i n a d e q u a t e  f o r  a  c o m p le te  u n d e r ­
s t a n d i n g  o f  t u r b u l e n t  f lo w .  Two p r o p e r t i e s  o f  t u r b u l e n c e  
a r e  u s e d  to  d e s c r i b e  t h e  s t r u c t u r e  o f  t u r b u l e n t  f lo w  i n  
p i p e s .  One i s  t h e  i n t e n s i t y  o f  t u r b u l e n c e  a n d  t h e  o t h e r  
i s  t h e  s c a l e  o f  t u r b u l e n c e .  The l a t t e r  h a s  b e en  t h e  m ore 
n e g l e c t e d  o f  t h e  two a s  f a r  a s  e x p e r i m e n t a l  w ork i s  c o n ­
c e r n e d .  In  f a c t ,  a t  t h e  p r e s e n t  t h e r e  a r e  no e x p e r i m e n t a l  
d a t a  on  th e  s c a l e  o f  t u r b u l e n c e  i n  p i p e  f lo w  a v a i l a b l e  i n  
t h e  l i t e r a t u r e .  T h e r e f o r e ,  t h e  m a in  p u r p o s e  o f  t h i s  p r o ­
j e c t  i s  to  o b t a i n  a b e t t e r  u n d e r s t a n d i n g  o f  t u r b u l e n t  s h e a r  
f lo w  i n  p ip e s  b y  m e a s u r in g  t h e  s c a l e  o f  t u r b u l e n c e  u n d e r  
v a r i o u s  flow  c o n d i t i o n s .
The e x p e r i m e n t a l  s t u d i e s  w e re  c o n d u c te d  i n  a  5 - i n c h  
d i a m e t e r  p i p e ,  a n d  t h e  t u r b u l e n c e  q u a n t i t i e s  w e re  m e a s u re d  
w i t h  a  c o n s t a n t  t e m p e r a t u r e  h o t  w i r e  a n e m o m e te r .  The e x p e r i ­
m e n t a l  p ro g ram  i n v o l v e d  t h e  m e a s u re m e n t  o f  t h e  m a c r o s c a l e  o f  
t u r b u l e n c e  a t  s e v e n  d i f f e r e n t  f lo w  r a t e s  o f  a i r .  The f lo w
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r a t e s  w e re  s e l e c t e d  so  t h a t  t h e  t u r b u l e n c e  c o u ld  be  s t u d i e d  
fro m  t h e  t r a n s i t ! t i o n  r e g i o n  (Re = 2 ,9 0 0 )  up  t o  a  R e y n o ld s  
num ber o f  2 0 0 ,0 0 0 .  The m a c r o s c a l e  w as m e a s u re d  a t  f o u r  
s t a t i o n s  a c r o s s  t h e  p i p e  f o r  a l l  f lo w  r a t e s ,  a n d  f o r  two 
v e l o c i t i e s  Ly was m e a s u re d  a t  s i x  s t a t i o n s .  F o r  o ne  f lo w  
r a t e  a d d i t i o n a l  m e a s u re m e n ts  o f  Ly w e re  made i n  t h e  w a l l  
r e g i o n .
The l a t e r a l  m a c r o s c a l e  o f  t u r b u l e n c e  h a s  a  minimum a t  
t h e  p i p e  c e n t e r  a n d  i t  i n c r e a s e s  w i t h  i n c r e a s i n g  d i s t a n c e  
from  t h e  c e n t e r  u n t i l  a  maximum i s  r e a c h e d .  Then Ly d e ­
c r e a s e s  a s  t h e  w a l l  i s  f u r t h e r  a p p r o a c h e d .  The v a l u e s  o f  
Ly r i s e  from  t h e  c e n t e r  a t  a b o u t  t h e  same r a t e  f o r  t h e  h i g h  
v e l o c i t i e s  ( 1 0 0 ,0 0 0  < Re < 2 0 0 ,0 0 0 ) ,  a n d  t h e  maximum o c c u r s  
a t  a b o u t  1 /2  a n  i n c h  from  t h e  w a l l .  The maximum v a l u e  o f  
Ly f o r  t h e  f lo w  r a t e s  b e lo w  Re = 1 0 0 ,0 0 0  t e n d s  t o  s h i f t
to w a rd s  t h e  p i p e  c e n t e r  a s  t h e  f lo w  r a t e  d e c r e a s e s .  The 
m a c r o s c a l e  o f  t u r b u l e n c e  a t  t h e  c e n t e r  o f  t h e  p i p e  i s  i n ­
d e p e n d e n t  o f  t h e  f lo w  r a t e  f o r  t h e  h i g h  v e l o c i t i e s ,  b u t  a s  
t h e  t r a n s i t i o n  r e g i o n  i s  a p p r o a c h e d  t h e  m a c r o s c a l e  b e g i n s  
t o  i n c r e a s e  w i t h  d e c r e a s i n g  f lo w  r a t e .
The l o n g i t u d i n a l  m i c r o s c a l e  o f  t u r b u l e n c e  was m e a s u r e d  
f o r  t h e  h i g h  v e l o c i t i e s  ( 1 0 0 ,0 0 0  < Re < 2 0 0 ,0 0 0 ) .  T h e s e  
v a l u e s  o f  Xx a r e  i n  a g r e e m e n t  w i t h  r e s u l t s  from  B r o o k s h i r e ' s
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i n v e s t i g a t i o n .  V a lu e s  o f  t h e  l a t e r a l  m i c r o s c a l e  o f  t u r b u ­
l e n c e  w e re  c a l c u l a t e d  from  t h e  c o r r e l a t i o n  c u r v e s .  The 
v a l u e s ,  o f  Xy w ere  much h i g h e r  i n  t h e  c e n t r a l  r e g i o n  f o r  
t h e  low v e l o c i t i e s  t h a n  f o r  t h e  h i g h  v e l o c i t i e s .  The 
d i s t r i b u t i o n  c u r v e s  f o r  Xy show t h a t  f o r  a l l  t h e  f lo w  r a t e s  
t h e  l a t e r a l  m i c r o s c a l e  d e c r e a s e s  w i t h  i n c r e a s i n g  r a d i a l  
d i s t a n c e  from  t h e  c e n t e r  o f  t h e  p i p e ,  a n d  t h e  v a l u e s  o f  
Xy i n  th e  w a l l  r e g i o n  a r e  e s s e n t i a l l y  t h e  same f o r  t h e  f lo w  
r a t e s  i n v e s t i g a t e d .
The d i s t r i b u t i o n  a c r o s s  t h e  p i p e  f o r  b o t h  t h e  l a t e r a l  
m a c r o s c a l e  a n d  l a t e r a l  m i c r o s c a l e  a r e  s i m i l a r  t o  d i s t r i ­
b u t i o n s  i n  a  tw o - d i m e n s i o n a l  c h a n n e l .
xiv
CHAPTER I  
INTRODUCTION
The s t u d y  o f  t u r b u l e n t  f lo w  h a s  b e e n  a p p ro a c h e d  from  
two a n g l e s ;  t h e  m a t h e m a t i c i a n s  h a v e  d e v e lo p e d  p a r t i a l  d i f ­
f e r e n t i a l  e q u a t i o n s  and  h a v e  em ployed  s t a t i s t i c a l  p r o p e r t i e s  
t o  d e s c r i b e  t u r b u l e n c e ,  w h i l e  t h e  e n g i n e e r s  who m u s t  m ake u s e  
o^  t h e  a v a i l a b l e  i n f o r m a t i o n  a n d  c a n n o t  w a i t  f o r  a  c o m p le te  
u n d e r s t a n d i n g  o f  t u r b u l e n c e  h a v e  em ployed  e m p i r i c a l  m e th o d s  
t o  c o r r e l a t e  e x p e r i m e n t a l  d a t a  i n t o  w o r k a b le  r e l a t i o n s h i p s .
The u l t i m a t e  g o a l  i n  t h e  s t u d y  o f  t u r b u l e n c e  i s  t o  c l o s e  t h e  
gap  b e tw e e n  t h e  t h e o r e t i c a l  a s p e c t s  a n d  t h e  e x p e r i m e n t a l  d a t a .  
At f i r s t  t h e  e x p e r i m e n t a l i s t  was h a n d ic a p p e d  d u e  t o  t h e  f a c t  
t h a t  n o  e x p e r i m e n t a l  e q u ip m e n t  w as a v a i l a b l e  f o r  m e a s u r in g  
t h e  r e q u i r e d  p r o p e r t i e s  o f  t u r b u l e n t  f lo w .  W ith  t h e  d e v e l ­
opm ent a n d  r e f i n e m e n t  o f  t h e  h o t  w i r e  an em om eter  t h e  e x p e r i ­
m e n t a l i s t  h a s  b e e n  p r o v i d e d  w i t h  a  r e l i a b l e  p i e c e  o f  
e x p e r i m e n t a l  e q u ip m e n t  w i t h  w h ic h  h e  c a n  m e a s u r e  t h e  d e s i r e d  
p r o p e r t i e s  o f  t u r b u l e n c e .
The m a in  p u r p o s e  o f  t h i s  r e s e a r c h  i s  t o  f u r n i s h  m ore 
e x p e r i m e n t a l  d a t a  on  t u r b u l e n t  f lo w  i n  p i p e s .  I n  o r d e r  t o  
d e s c r i b e  t u r b u l e n t  f lo w  two p r o p e r t i e s  a r e  r e q u i r e d :
(1 )  The i n t e n s i t y  o f  t u r b u l e n c e ;  and  ( 2 )  t h e  s c a l e  o f  t u r b u ­
l e n c e .  The l a t t e r  h a s  b e e n  t h e  m ore n e g l e c t e d  p r o p e r t y  o f  t h e  
two a s  f a r  a s  e x p e r i m e n t a l  w ork  i s  c o n c e r n e d .  T h e r e f o r e ,  t h e  
o b j e c t i v e  o f  t h i s  p r o j e c t  i s  t o  o b t a i n  m o re  k n o w le d g e  a b o u t  
t h e  s c a l e  o f  t u r b u l e n c e  i n  p i p e  f lo w .
The r e s e a r c h  o f  L a u f e r 14 was o n e  o f  t h e  f i r s t  and 
m o s t  c o m p le te  e x p e r i m e n t a l  w o rk s  t h a t  h a s  b e e n  d o n e  on t u r ­
b u l e n t  f lo w  i n  p i p e s .  He m e a s u re d  mean v e l o c i t y ,  i n t e n s i t y ,  
d o u b l e ,  t r i p l e  an d  q u a d r u p l e  c o r r e l a t i o n  c o e f f i c i e n t s  i n  a  
1 0 - i n c h  d i a m e t e r  p i p e .  He a l s o  m e a s u re d  many o f  t h e  t e r m s  
i n  t h e  t u r b u l e n t  e n e r g y  e q u a t i o n .  B e f o r e  L a u f e r ' s  i n v e s t i ­
g a t i o n  S a n d b o m 21 m e a s u re d  some momentum t e r m s  i n  t u r b u l e n t  
p i p e  f lo w .  H is  i n v e s t i g a t i o n  w h ic h  was c a r r i e d  o u t  i n  a 
4 - i n c h  d i a m e t e r  p i p e  d i d  n o t  c o v e r  a s  many a s p e c t s  a s  d id  
L a u f e r ’ s .  A n o th e r  e x t e n s i v e  s t u d y  o f  t u r b u l e n c e  i n  a  p i p e  
was c o n d u c te d  by  B r o o k s h i r e 3 . He m e a s u r e d  i n t e n s i t y ,  mean 
v e l o c i t y ,  a n d  d i s s i p a t i o n  l e n g t h s  i n  a  5 - i n c h  d i a m e t e r  p i p e .  
H ow ever, n o n e  o f  t h e s e  i n v e s t i g a t i o n s  i n c l u d e d  t h e  m ac ro ­
s c a l e  o f  t u r b u l e n c e .
L a u f e r 1 3 , i n  a n  i n v e s t i g a t i o n  o f  t u r b u l e n t  f lo w  i n  
a  tw o d i m e n s i o n a l  c h a n n e l ,  m ade some m e a s u re m e n ts  o f  t h e  
m a c r o s c a l e  o f  t u r b u l e n c e  an d  t h e  m i c r o s c a l e  o f  t u r b u l e n c e .
The r e s u l t s  f ro m  t h i s  p r o j e c t  w i l l  b e  com pared  t o  t h e  r e s u l t s  
f ro m  t h e  t w o - d i m e n s i o n a l  c h a n n e l .
CHAPTER II
THEORY
1 . D e f i n i t i o n  o f  T u r b u le n c e
One o f  t h e  f i r s t  q u e s t i o n s  w h ic h  m u s t  b e  a n sw e re d  i n  
a  s t u d y  o f  t u r b u l e n t  f lo w  i s :  What i s  t u r b u l e n c e ?  I t  was
f i r s t  c o n c lu d e d  t h a t  t u r b u l e n t  m o t io n  was s i n u o u s , a s  O sborne  
R e y n o ld s  d e s c r i b e d  i t ,  o r  c o m p l i c a t e d  f lo w s  i n  w h ic h  t h e  i n ­
s t a n t a n e o u s  v e l o c i t y  a t  a  g i v e n  p o i n t  v a r i e d  w i t h  t i m e .  
H ow ever, t u r b u l e n c e  i n v o l v e s  m ore  t h a n  j u s t  a  f l u c t u a t i n g  
v e l o c i t y ,  f o r  t h e r e  a r e  c e r t a i n  t y p e s  o f  f l u c t u a t i n g  m o t io n s  
t h a t  a r e  n o t  d e f i n e d  a s  t u r b u l e n c e .  The r e g u l a r  s y s te m  o f  
e d d i e s  t h a t  a r e  fo u n d  i n  t h e  w ake o f  a  c y l i n d e r  i n  a  w ind  
t u n n e l  o r  f ro m  a  b o a t  i n  w a t e r  a r e  n o t  i n c l u d e d  a s  t u r b u l e n c e .  
Any t y p e  o f  p e r i o d i c  m o t io n  su c h  a s  t h e  w av es  s e t  u p  b y  a 
v i b r a t i n g  s t r i n g  a r e  n o t  c o n s i d e r e d  a s  t u r b u l e n t  m o t io n .  
T u r b u le n c e  i s  a n  i r r e g u l a r  f l u c t u a t i o n  o f  t h e  v e l o c i t y  i n  
w h ic h  t h e  a m p l i t u d e s  o f  t h e  f l u c t u a t i o n  h a v e  a  random  d i s ­
t r i b u t i o n .  On t h e  o t h e r  h a n d  t u r b u l e n c e  c a n  n o t  b e  d e s ­
c r i b e d  a s  c o m p l e t e l y  random  t o  t h e  p o i n t  t h a t  t h e  f l o w  i s  n o t  
c o n t i n u o u s .  T h i s  h a s  b e e n  shown by  t h e  f a c t  t h a t  t h e r e  a r e
c o r r e l a t i o n s  b e tw e e n  t h e  v e l o c i t y  f l u c t u a t i o n s  a t  n e i g h b o r ­
in g  p o i n t s .  H in z e  h a s  g i v e n  t u r b u l e n t  m o t io n  t h e  f o l l o w i n g  
d e f i n i t i o n :  " T u r b u l e n t  f l u i d  m o t io n  i s  an  i r r e g u l a r  c o n d i ­
t i o n  o f  f lo w  i n  w h ic h  t h e  v a r i o u s  q u a n t i t i e s  show a  random  
v a r i a t i o n  i n  t i m e  and  s p a c e  c o r d i n a t e s ,  so  t h a t  s t a t i s t i c a l l y  
d i s t i n c t  a v e r a g e  v a l u e s  c a n  b e  d i s c e r n e d " 9 .
2* D e f i n i t i o n  o f  S t a t i s t i c a l  P r o p e r t i e s  o f  T u r b u le n c e
E x i s t i n g  t h e o r i e s  o f  t u r b u l e n c e  a r e  e i t h e r  s e m i-  
e m p i r i c a l  o r  s t a t i s t i c a l .  I n  o r d e r  t o  g i v e  a n a l y t i c a l  fo rm s 
t o  h e a t ,  m a s s ,  a n d  momentum t r a n s f e r  t h e  w e l l  known phenom e­
n o l o g i c a l  t h e o r i e s  w e re  f i r s t  d e v e l o p e d .  T h e s e  a n a l y t i c a l  
fo rm s i n v o l v e d  " m ix in g  l e n g t h s "  s u c h  a s  P r a n d t l ' s  "M is-  
ch u n sw e g " .  (H is  l i n e  o f  t h o u g h t  w as a n a lo g o u s  t o  t h a t  u s e d  
i n  t h e  k i n e t i c  t h e o r y  o f  g a s e s . )  E x p e r i m e n t a l  i n v e s t i g a t i o n s  
h a v e  s i n c e  shown t h e  i n a d e q u a c i e s  o f  t h e s e  t h e o r i e s ,  and  
B a t c h e l o r 1 and  s u b s e q u e n t l y  T ow nsend27 h a v e  shown t h e  i n ­
c o n s i s t e n c i e s  o f  t h e  a s s u m p t io n s  i n v o lv e d  i n  t h e s e  phenom e­
n o l o g i c a l  t h e o r i e s .
I n  t h e s e  s e m i - e m p i r i c a l  o r  p h e n o m e n o lo g ic a l  t h e o r i e s  
t h e  m a in  i n t e r e s t  i s  b a s e d  on t h e  d i s t r i b u t i o n  o f  mean v e l o ­
c i t y  a n d  mean p r e s s u r e .  I n  c o n t r a d i s t i n c t i o n ,  i n  t h e  s t a ­
t i s t i c a l  t h e o r i e s  a t t e n t i o n  i s  f o c u s e d  on t h e  f r e q u e n c y  
d i s t r i b u t i o n  o r  s t a t i s t i c a l  p r o p e r t i e s  o f  t h e  f l u c t u a t i o n s
a n d  t h e  c o m p o n e n ts  o f  t h e  v e l o c i t y  f l u c t u a t i o n s .
T h e r e  h a v e  b e e n  some a t t e m p t s  t o  a p p ly  t h e  m e th o d s  
o f  s t a t i s t i c a l  m e c h a n ic s  o f  d i s c r e t e  p a r t i c l e s  t o  t u r b u l e n t  
m o t io n .  One o f  t h e  b e s t  known t h e o r i e s  o f  t h i s  t y p e  i s  t h e  
o n e  p r o p o s e d  by  B u r g e r s . 6 T h i s  t h e o r y  a n d  t h e  o t h e r  t h e o r i e s  
b a s e d  on s t a t i s t i c a l  m e c h a n ic s  h a v e  n o t  l e a d  t o  any  u s e f u l  
r e s u l t s .
Some o f  t h e s e  s t a t i s t i c a l  m e c h a n ic s  t h e o r i e s  do n o t  
r e q u i r e  t h e  f l u i d  m o t io n  t o  b e  c o n t i n u o u s  o r  r e q u i r e  t h e  
t u r b u l e n t  f l u c t u a t i o n s  t o  s a t i s f y  t h e  e q u a t i o n s  o f  m o t io n .  
T h e r e  i s  o n e  s t a t i s t i c a l  t h e o r y  o f  t u r b u l e n c e  w h ic h  d o e s  
s a t i s f y  t h e  c o n d i t i o n  t h a t  t h e  f l u i d  i s  c o n t i n u o u s  a n d  a l s o  
s a t i s f i e s  t h e  e q u a t i o n  o f  m o t io n ;  t h i s  t h e o r y  was d e v e lo p e d  
by  T a y l o r  24 i n  1935 .
T a y l o r ’ s t h e o r y  a s  i n  m o s t  o t h e r  t h e o r i e s  o f  t u r b u ­
l e n t  f l o w  r e g a r d s  t h e  f lo w  a s  c o n s i s t i n g  o f  two p a r t s ;
(1 )  The m ean f lo w ;  and  (2 )  a  f l u c t u a t i n g  c o m p o n e n t.  The 
i n s t a n t a n e o u s  f lo w  i n  t h e  x - d i r e c t i o n  i s  d e s c r i b e d  a s :
U U + u
w h e re
U i n s t a n t a n e o u s  v e l o c i t y  i n  x - d i r e c t i o n
U a v e r a g e  v e l o c i t y  i n  x - d i r e c t i o n
u f l u c t u a t i n g  com ponen t o f  t h e  v e l o c i t y  i n  
t h e  x - d i r e c t i o n .
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The m ean a v e r a g e  v e l o c i t y  i s  d e f i n e d  a s :
U " - i - f S d t  ( I I - 2 )
w h e re
t  = t im e
£ = t i m e  i n t e r v a l  o v e r  w h ic h  t h e  a v e r a g e  i s  t a k e n .
The t i m e  a v e r a g e  o f  u  w i l l  o b v i o u s l y  b e  z e r o
u = 0 .  ( I I - 3 )
S in c e  t h e  f l u c t u a t i n g  com ponen t o f  v e l o c i t y  i s  a  
p r o p e r t y  o f  v i t a l  i n t e r e s t  i n  t h e  s t a t i s t i c a l  t r e a t m e n t  o f  
t u r b u l e n c e ,  a n  a v e r a g e  v a l u e  o f  t h i s  f l u c t u a t i n g  v e l o c i t y  
w h ic h  i s  non  z e r o  m ust b e  d e f i n e d .  An a v e r a g e  m e a s u re  o f  u 
t h a t  h a s  r e c e i v e d  w id e  u s e  i s  t h e  r o o t  mean s q u a r e .  One 
r e a s o n  f o r  t h i s  p o p u l a r i t y  i s  t h e  f a c t  t h a t  t h e  r o o t  mean 
s q u a r e  o f  u i s  v e r y  e a s y  t o  m e a s u r e  w i t h  e x i s t i n g  e x p e r i ­
m e n t a l  e q u ip m e n t .  The m a t h e m a t i c a l  d e f i n i t i o n  o f  t h e  r o o t  
mean s q u a r e  o f  u  w h ic h  i s  o f t e n  c a l l e d  i n t e n s i t y  o f  t u r b u ­
l e n c e  i s  shown b e lo w :
u 1 = ( u s ) 1^ 2 = d t ) 1 /2  ( 1 1 - 4 )
S i m i l a r  d e f i n i t i o n s  a p p l y  t o  v  an d  w t h e  f l u c t u a t i n g  v e l o ­
c i t y  i n  t h e  y  a n d  z d i r e c t i o n s .
The a v e r a g e s  d e f i n e d  a b o v e  a r e  a v e r a g e s  o v e r  a n  i n ­
t e r v a l  o f  t i m e .  The q u e s t i o n  may a r i s e ,  a s  i t  o f t e n  h a s  i n  
t h e  p a s t ,  t h a t  t h i s  t im e  a v e r a g e  may n o t  b e  t h e  t y p e  t h a t  
a p p l i e s .  From t h e  v i e w p o i n t  o f  s t a t i s t i c s  t h e  t im e  a v e r a g e
i s  c e r t a i n l y  n o t  t h e  t y p e  t h a t  s h o u ld  b e  e m p lo y ed . H e re  an  
e n s e m b le  a v e r a g e  i s  r e q u i r e d ;  h o w e v e r ,  an  e n s e m b le  a v e r a g e  
w o u ld  r e q u i r e  m e a s u r in g  t h e  v e l o c i t i e s  i n  an  i n f i n i t e  num ber 
o f  i d e n t i c a l  s y s te m s  a l l  a t  t h e  same t im e .  T h i s  t y p e  o f  
e x p e r i m e n t a l  a p p r o a c h  w o u ld  b e  v e r y  u n r e a s o n a b l e  i f  n o t  
i m p o s s i b l e .  T h e r e f o r e ,  a n o t h e r  t y p e  o f  a v e r a g e  m u st  b e  
em ployed  w h ic h  b e a r s  some r e l a t i o n s h i p  t o  t h e  e n se m b le  
a v e r a g e .  T h e r e  a r e  two s u c h  p o s s i b l e  a v e r a g e s ,  a  s p a c e  
a v e r a g e  and  a  t im e  a v e r a g e ,  b u t  s i n c e  t h e  t u r b u l e n c e  a t  
o n e  p o i n t  i n  s p a c e  i s  o f  i n t e r e s t  t h e  t im e  a v e r a g e  i s  t h e  
m o s t  l o g i c a l  c h o i c e ,  a n d  h a s  b e e n  e x t e n s i v e l y  u s e d  i n  t h e  
f i e l d  o f  t u r b u l e n c e .  To j u s t i f y  t h e  u s e  o f  a  t i m e  a v e r a g e  
i n  p l a c e  o f  a  s t a t i s t i c a l  o r  e n s e m b le  a v e r a g e  a  p r o o f  o f  
t h e i r  e q u a l i t y  i s  d e s i r e d .  T h i s  p r o o f  w ou ld  b e  an  e r g o d i c  
t h e o r e m  s i m i l a r  t o  t h e  e r g o d i c  th e o r e m  f o r  s t a t i s t i c a l  
m e c h a n i c s .  U n f o r t u n a t e l y ,  s u c h  a  th e o re m  f o r  t u r b u l e n c e  
d o e s  n o t  e x i s t ,  an d  u n t i l  on e  i s  d e v e lo p e d  a  v o i d  w i l l  e x i s t  
i n  t h e  s t a t i s t i c a l  t h e o r y  o f  t u r b u l e n c e .  I n  t h i s  p a p e r  t h e  
t im e  a v e r a g e  w i l l  b e  r e g a r d e d  a s  e q u a l  t o  t h e  s t a t i s t i c a l  
a v e r a g e ,  w h ic h  i s  c o n s i s t e n t  w i t h  p a s t  t r e a t m e n t  o f  t u r b u ­
l e n t  m o t io n .
I n  m e a s u r in g  a  t im e  a v e r a g e  v a l u e  o f  a  v e l o c i t y  com­
p o n e n t  a  s u f f i c i e n t  t im e  i n t e r v a l  m u s t  b e  u s e d .  When t h e  
t u r b u l e n t  m o t io n  i s  p r o d u c e d  by  a  c o n s t a n t  p r e s s u r e  g r a d i e n t
a s  i n  t h e  c a s e  o f  p i p e  f l o w ,  t h e  s e l e c t i o n  o f  t h e  t im e  i n ­
t e r v a l  i s  n o t  v e r y  c r i t i c a l .  The t im e  i n t e r v a l  m ust b e  
l o n g e r  t h a n  some f i x e d  v a l u e  w h ic h  w i l l  b e  d e p e n d e n t  on 
t h e  s i z e  o f  t h e  a p p a r a t u s .  I f  t h e  t im e  i n t e r v a l  i s  s u f f i ­
c i e n t ,  t h e r e  w i l l  b e  a  c l e a r  s e p a r a t i o n  b e tw e e n  t h e  mean 
v e l o c i t y  and  t h e  f l u c t u a t i n g  c o m p o n e n ts .  I n  t h e  c a s e  o f  
n a t u r a l  w in d s  w h e re  t h e  m ean v e l o c i t y  i s  v a r i a b l e  d i f f i ­
c u l t y  a r i s e s  i n  s e l e c t i n g  a  s u i t a b l e  t i m e  i n t e r v a l .  Even 
i n  f lo w s  u n d e r  c o n s t a n t  p r e s s u r e  g r a d i e n t s  t h e r e  may b e  some 
d i f f i c u l t y  i n  d i s t i n g u i s h i n g  b e tw e e n  t h e  t r u e  f l u c t u a t i n g  
v e l o c i t y  and  an y  v a r i a t i o n  i n  t h e  mean v e l o c i t y  t h a t  may 
e x i s t .
The v e l o c i t y  f l u c t u a t i o n s  u ,  v ,  a n d  w a r e  c o n s i d e r e d  
t o  b e  m e a s u re d  a t  a  p o i n t  a n d  a t  o n e  i n s t a n t  i n  t i m e ;  how­
e v e r ,  t h i s  m e a su re m e n t  o c c u r s  o v e r  a  s m a l l  vo lum e o f  s p a c e  
and  a  s m a l l  i n t e r v a l  o f  t i m e .  The v o lu m e  o f  s p a c e  i s  s m a l l  
com pared  t o  t h e  s i z e  o f  t h e  s y s te m  b u t  i s  l a r g e  enough t o  
c o n t a i n  many m o l e c u l e s .  T he  vo lum e  o f  a  c u b e  o f  s i z e  0 .0 0 0 0 4  
i n c h e s  c o n t a i n i n g  a b o u t  2 .7  x  107 m o le c u l e s  a t  a t m o s p h e r i c  
p r e s s u r e  i s  l a r g e  enough  t o  s a t i s f y  t h e  a b o v e  c o n d i t i o n s .
The t im e  i n t e r v a l  i s  s h o r t  com pared  w i t h  a n y  t im e  i n t e r v a l  
o f  i n t e r e s t  i n  t h e  mean f l o w  b u t  lo n g  c o m p ared  t o  t h e  t im e  
r e q u i r e d  f o r  t h e  m o le c u le  t o  c r o s s  i t s  m ean f r e e  p a t h .  I n  
su c h  a v o lu m e  d e s c r i b e d  a b o v e ,  t h e  num ber o f  c o l l i s i o n s  p e r
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se c o n d  i s  a b o u t  5 x  10 , h e n c e ,  a  t im e  i n t e r v a l  o f  10
s e c o n d s  w ou ld  b e  s u f f i c i e n t .  The b e s t  i n s t r u m e n t  t h a t  comes
c l o s e  t o  t h e s e  d im e n s io n s  i s  t h e  h o t  w i r e  an em o m e te r .  T he
h o t - w i r e  m e a s u re s  a v e r a g e  v a l u e s  o v e r  a  c y l i n d e r  a b o u t
0 .0 0 0 1 4  i n c h e s  i n  d i a m e t e r  and  a b o u t  0 .0 2 5  i n c h e s  i n  l e n g t h ,
and  w i t h  a  t im e  i n t e r v a l  o f  a b o u t  0 . 5  x  10 ~3 s e c o n d s . 6
E x p e r i m e n t a l  d a t a  h a v e  shown t h a t  a v e r a g e s  t a k e n  o v e r  
t h e  a b o v e  s p a c e  a n d  t im e  i n t e r v a l  a r e  n o t  v e r y  much d i f f e r e n t  
t h a n  a v e r a g e s  t a k e n  o v e r  l a r g e r  v o lu m e s  a n d  l o n g e r  t im e  i n ­
t e r v a l s .  T h e r e f o r e ,  t h e s e  r e s u l t s  s u g g e s t  t h a t  t h e s e  a v e r ­
a g e s  do  n o t  d i f f e r  much fro m  t h o s e  t a k e n  o v e r  s m a l l e r  v o lu m e s  
an d  s h o r t e r  t im e  i n t e r v a l s . 6
3 .  M a c r o s c a le  o f  T u r b u le n c e
I n  t h e  e a r l y  s t a g e s  o f  t h e  d e v e lo p m e n t  o f  t h e  t h e o r y  
o f  t u r b u l e n t  m o t io n ,  i t  was t h o u g h t  t h a t  t u r b u l e n c e  was s w i r l s  
o f  f l u i d  i n  t h e  fo rm  o f  ’’e d d i e s 1’ o r  " lu m p s "  w i t h  d e f i n i t e  
s i z e s .  T h i s  i d e a  o f  e d d i e s  a n d  t h e  e x i s t i n g  k i n e t i c  t h e o r y  
o f  g a s e s  l e d  T a y l o r  and  P r a n d t l  i n d e p e n d e n t l y  t o  d e v e lo p  a  
t h e o r y  o f  t u r b u l e n c e  b a s e d  on a  l e n g t h  1 o f t e n  c a l l e d  a  
" M isc h u n sw e g " . T h i s  a n a l o g y  b e tw e e n  t h e  m ix in g  l e n g t h  o f  
t u r b u l e n c e  and  t h e  "mean f r e e  p a t h "  o f  t h e  K i n e t i c  T h e o ry  
h a d  some v e r y  d e f i n i t e  s h o r t  c o m in g s .  A l l  a t t e m p t s  t o  r e l a t e
a  m ix in g  l e n g t h  t o  some h y p o t h e t i c a l  p h y s i c a l  p r o c e s s  l e d  
t o  e r r o n e o u s  c o n c l u s i o n s .  T a y l o r  l a t e r  i n t r o d u c e d  t h e  
i d e a  o f  r e l a t i n g  t h e  s c a l e  o f  t u r b u l e n c e  t o  t h e  c o r r e l a t i o n  
b e tw e e n  t h e  v e l o c i t i e s  a t  v a r i o u s  p o i n t s  o f  t h e  f i e l d  a t  one  
i n s t a n t  o f  t im e  o r  b e tw e e n  t h e  v e l o c i t y  o f  a  p a r t i c l e  a t  one  
i n s t a n t  o f  t im e  t o  t h e  v e l o c i t y  o f  t h e  same p a r t i c l e  a t  a  
l a t e r  t i m e ? 4
I n  h i s  a r t i c l e  on  d i f f u s i o n  by  c o n t i n u o u s  m ovem ents 
T a y l o r 23 e s t a b l i s h e s  t h e  m a t h e m a t i c a l  d e f i n i t i o n  o f  t h e  
c o r r e l a t i o n  c o e f f i c i e n t  o f  t h e  v e l o c i t y  o f  a  p a r t i c l e  a t  t Q 
t o  t h e  v e l o c i t y  a f t e r  some t i m e  i n t e r v a l C  .
F o r  a  d e t a i l e d  d e r i v a t i o n  o f  R^ s e e  r e f e r e n c e  ( 2 3 ) .  T a y l o r  
shows t h a t  t h e  d i f f u s i o n  o f  a  p a r t i c l e  s t a r t i n g  a t  a  p o i n t  
(y  = 0 )  i s  d e p e n d e n t  u p o n  t h e  c o r r e l a t i o n  R^ . T h i s  c o r r e ­
l a t i o n  c o e f f i c i e n t  i n  c o n t i n u o u s  m o t io n  m u st  b e  a  f u n c t i o n  
o f  ? . I n  f a c t  when C -  0 ,  R^ = 1  and  when C becom es
( P ) 2
( H - 5 )
t im e  i n t e r v a l
uS1 = rm s v a l u e  o f  v e l o c i t y  i n  x - d i r e c t i o n
= c o r r e l a t i o n  c o e f f i c i e n t
t  = t im e
rms v a l u e  o f  c h a n g e  i n  u  w i t h  r e s p e c t  t o  t
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l a r g e r  R ^  g o e s  t o  z e r o . 2 3  The p a r t i c l e s  a r e  assum ed  t o  move 
i r r e g u l a r l y  b u t  w i t h  c o n t i n u o u s  v e l o c i t y  v ,  an d  v 7  i s  assum ed 
t o  b e  i n d e p e n d e n t  o f  t im e .  T a y l o r  t h e n  shows t h a t  i f  Y2 i s  
t h e  mean s q u a r e  o f  t h e  d i s t a n c e  t h r o u g h  w h ic h  t h e  p a r t i c l e s  
h a v e  d i f f u s e d  i n  t i m e  t  t h e  f o l l o w i n g  r e l a t i o n s h i p  h o l d s :
1 / 2  d i r  Vs  = Yv B ? J ^ d ?  ( I I - 6 )
w h e re  Y = a v e r a g e  d i s t a n c e  p a r t i c l e s  t r a v e l  
v  = v e l o c i t y  i n  y - d i r e c t i o n .
I n  t h e  b e g i n n i n g  w hen £ i s  s m a l l  i s  c l o s e  t o  u n i t y  and 
( I I - 6 )  becom es
Hit <Y^) -  Vs * ( I I - 7 )
o r  -  v ' t  (X I -8 )
w h e re  v ' = (v 5 ) 1 / f
I f  t h e  s t r e a m  o f  f l u i d  i n  w h ic h  t h e  d i f f u s i o n  i s  t a k i n g  p l a c e  
h a s  a  v e l o c i t y  U a n d  i f  t h e  d i f f u s i o n  i s  o b s e r v e d  a t  a  s m a l l  
d i s t a n c e  x  d o w n s tre am  t h e n  t  = x /U  and
(Ya) 1 /2
—  -  v  ( I I - 9 )
1
x  u  *
As s t a t e d  p r e v i o u s l y  t h e r e  m u s t  b e  a  t im e  T when f o r  v a l u e s  
o f  C g r e a t e r  t h a n  T R^ i s  z e r o .  T h e r e f o r e ,  e q u a t i o n  ( I I - 6 )  
becom es
E q u a t io n  (1 1 -1 0 )  show s t h a t  ¥ v  i s  c o n s t a n t  f o r  a l l  v a l u e s  o f  
t  > T e v e n  th o u g h  i s  c o n t i n u a l l y  i n c r e a s i n g  and v2" i s  
c o n s t a n t .  T h u s ,  i t  i s  p o s s i b l e  t o  d e f i n e  a  l e n g t h  1 s u c h  t h a t
1 (yS)1^  = r c d£ = 1 / 2 ^  (YT) > (11-11)
The l e n g t h  1 i s  m a t h e m a t i c a l l y  d e f i n e d  a s
i  = (? y / * / oT *  (n -12)
T h i s  l e n g t h  1 i s  t o  t u r b u l e n c e  a s  t h e  ''mean f r e e  p a t h "  i s  
t o  t h e  K i n e t i c  T h e o ry  o f  G a se s  e x c e p t  f o r  t h e  i m p o r t a n t  f a c t  
t h a t  t h i s  l e n g t h  1 i s  n o t  b a s e d  on a n y  m i x t u r e  phenom ena.
T h i s  f a c t  i s  b e s t  summed up  i n  T a y l o r ' s  own w o rd s .
t h e o r i e s  w h ic h  d e p en d  e s s e n t i a l l y  on t h e  i d e a  
o f  m i x t u r e  b y  s u b d i v i s i o n  and  u l t i m a t e  m o l e c u l a r  d i f ­
f u s i o n  l e a d  t o  t h e  e x p e c t a t i o n  t h a t  t h e  'M eschungsw eg 
w i l l  d e p en d  v e r y  g r e a t l y  on t h e  m o l e c u l a r  d i f f u s i v e  
pow er o f  t h e  f l u i d .  I n  t h e  t h e o r y  o f  d i f f u s i o n  by 
c o n t i n u o u s  m ovem ents t h e  l e n g t h  1 b e a r s  no  r e l a t i o n  
t o  any  p r o c e s s  o f  m i x t u r e ,  i n d e e d  i t  i s  e q u a l l y  v a l i d  
i f  m i x t u r e  n e v e r  t a k e s  p l a c e .  The e f f e c t  o f  m o l e c u l a r  
d i f f u s i o n  w o u ld  b e  t o  p r e v e n t  t h e  f l u i d  f ro m  b eco m in g  
e v e r  i n c r e a s i n g l y  ' s p o t t y ' ,  i . e . ,  i t  w o u ld  t e n d  t o  
p r e v e n t  a  c o n t i n u a l  i n c r e a s e  i n  t h e  d e v i a t i o n s  o f  t h e  
m e a s u r a b le  p r o p e r t i e s  o f  t h e  f l u i d  f rom  t h e i r  mean 
v a l u e  i n  t h e  n e ig h b o r h o o d .  M ix tu r e  h a s  no  e f f e c t  i n  
t h i s  t h e o r y  on t h e  d i f f u s i v e  pow er o f  t u r b u l e n t  m o t i o n . '
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T he o r i g i n a l  "M ischun gsw eg"  t h e o r i e s  r e g a r d e d  t h e  l e n g t h  1 
a s  a  m e a s u r e  o f  t h e  a v e r a g e  s i z e  o f  t h e  l a r g e r  e d d ie s  i n  
t u r b u l e n t  m o t io n .  T h e s e  t h e o r i e s  w e re  b a s e d  on th e  
L a g r a n g ia n  c o n c e p t  o f  f lo w ,  i . e . ,  f o l l o w i n g  t h e  p a t h s  o f  
p a r t i c l e s .  The a b o v e  a n d  t h e  c o r r e s p o n d i n g  l e n g t h  1 
a r e  a l s o  b a s e d  on t h e  L a g r a n g ia n  c o n c e p t  o f  f lo w .  H ow ever, 
f o r  p r a c t i c a l  r e a s o n s  i t  w o u ld  b e  m ore  d e s i r a b l e  t o  d e s c r i b e  
a n  a v e r a g e  s i z e  o f  a n  eddy  i n  t h e  E u l e r i a n  s y s te m ,  i . e . ,  
f o l l o w i n g  t h e  v a r i a t i o n s  o f  some p r o p e r t y  a t  a  p o i n t  f i x e d  
i n  s p a c e .  A d e s c r i p t i o n  o f  t h e  r e l a t i v e  eddy  s i z e s  a s  d e ­
f i n e d  i n  t h e  E u l e r i a n  m an n e r  i s  o f  c o n s i d e r a b l e  t h e o r e t i c a l  
i n t e r e s t .  T h is  i n t e r e s t  l e d  T a y l o r  t o  d e f i n e  j u s t  s u c h  a  
m e a s u re  o f  t h e  " s i z e  o f  a n  e d d y " .  T a y l o r ' s  c o r r e l a t i o n  
t h e o r y  d e v e lo p e d  i n  h i s  p a p e r  " D i f f u s i o n  by  C o n t in u o u s  Move­
m e n ts "  a l s o  a p p l i e s  f o r  t h e  E u l e r i a n  c o n c e p t  o f  f lo w  a n d  can 
b e  u se d  t o  d e f i n e  a n o t h e r  s c a l e  o f  t u r b u l e n c e . 24
" I t  i s  c l e a r  t h a t  w h a t e v e r  we may mean by  t h e  d i a m e t e r  
o f  a n  eddy  a  h i g h  d e g r e e  o f  c o r r e l a t i o n  m ust e x i s t  
b e tw e e n  t h e  v e l o c i t i e s  a t  tw o p o i n t s  w h ich  a r e  c l o s e  
t o g e t h e r  when com pared  w i t h  t h i s  d i a m e t e r .  On t h e  
o t h e r  h a n d ,  t h e  c o r r e l a t i o n  i s  l i k e l y  t o  be s m a l l  
b e tw e e n  t h e  v e l o c i t y  a t  two p o i n t s  s i t u a t e d  m any 
ed d y  d i a m e t e r s  a p a r t .  I f ,  t h e r e f o r e ,  we im a g in e  
t h a t  t h e  c o r r e l a t i o n  Ry b e tw e e n  t h e  v a l u e s  o f  u  a t  
two p o i n t s  d i s t a n t  y  a p a r t  i n  t h e  d i r e c t i o n  o f  t h e  
y  c o - o r d i n a t e  h a s  b e e n  d e te r m in e d  f o r  v a r i o u s  v a l u e s  
o f  y  we may p l o t  a  c u r v e  o f  Ry a g a i n s t  y ,  and  t h i s  
c u r v e  w i l l  r e p r e s e n t  from  t h e  s t a t i s t i c a l  p o i n t  o f  
v i e w ,  t h e  d i s t r i b u t i o n  o f  u a lo n g  t h e  y  a x i s . " 2 *
(
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W ith  t h e s e  w o rd s  T a y l o r  t h e n  d e f i n e s  a n o t h e r  l e n g t h ,  Ly, 
( p r o v i d e d  t h a t  Ry f a l l s  t o  z e r o  a t  some v a l u e  o f  y ) s u c h  
t h a t
Ly = f o  Rydy = f / n  y d y .  ( 1 1 -1 3 )
The t e r m  Ry i s  t h e  t r a n s v e r s e  o r  l a t e r a l  c o r r e l a t i o n  c o e f ­
f i c i e n t  b a s e d  on  t h e  E u l e r i a n  c o n c e p t  o f  f l o w .  The l e n g t h  
Ly may b e  r e g a r d e d  a s  a  p o s s i b l e  d e f i n i t i o n  o f  t h e  " a v e r a g e  
s i z e  o f  t h e  e d d i e s , "  an d  i s  te rm e d  t h e  i n t e g r a l  s c a l e  o r  
m a c r o s c a l e  o f  t u r b u l e n c e .  The te r m  Ry i s  d e f i n e d  m a th e m a t i ­
c a l l y  a s
u r n s
Ry = -SSS------= ----  ( 1 1 -1 4 )
7 J y F  /u S  ' V 'i  a
w h e re  u x = f l u c t u a t i n g  v e l o c i t y  i n  x - d i r e c t i o n  a t
p o i n t  ( 1)
u  = f l u c t u a t i n g  v e l o c i t y  i n  x - d i r e c t i o n  a t
p o i n t  ( 2 )
= i n t e n s i t y  o f  t u r b u l e n c e  i n  x - d i r e c t i o n  a t  
* 1 p o i n t  ( 1)
/—  = i n t e n s i t y  o f  t u r b u l e n c e  i n  x - d i r e c t i o n  a t
y 2 p o i n t  ( 2) .
P o i n t s  (1 )  and  (2 )  a r e  i n  t h e  same yz  p l a n e  s e p a r a t e d  
a  d i s t a n c e  y .
As p r e v i o u s l y  m e n t io n e d  Ry i s  t h e  l a t e r a l  c o r r e l a t i o n  
c o e f f i c i e n t  and  h e n c e  Ly i s  t h e  l a t e r a l  m a c r o s c a l e  o f  t u r b u ­
l e n c e .  A l o n g i t u d i n a l  c o r r e l a t i o n  c o e f f i c i e n t  Rx a n d  i t s
c o r r e s p o n d i n g  s c a l e  o f  t u r b u l e n c e ,  Lx* c an  a l s o  b e  d e f i n e d .
> -
F o r  t h i s  c a s e  t h e  f l u c t u a t i n g  v e l o c i t y  a t  a  p o i n t  i s  c o r r e -
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l a t e d  t o  t h e  f l u c t u a t i n g  v e l o c i t y  a t  a  v a r i a b l e  p o i n t  down­
s t r e a m .  I n  f a c t  t h e r e  a r e  n i n e  d o u b l e  c o r r e l a t i o n  c o e f ­
f i c i e n t s  s i m i l a r  t o  Ry. I n  g e n e r a l ,  t h e  d o u b l e  c o r r e l a t i o n  
Rj j  i s  a  s e c o n d - o r d e r  two p o i n t  t e n s o r  w i t h  n i n e  c o m p o n e n ts :
Ri j  =
X J 1 2 3
1 u a ub u a v b uawb
- X - X
2
v a ub v a vb v awb
v a u b v av b VX
3 wa vb wa*b
wa v b wawb
(1 1 - 1 5 )
S e v e r a l  c o n c l u s i o n s  a b o u t  Rx and  Ry c an  b e  made w i t h o u t  r e ­
s o r t i n g  t o  e x p e r i m e n t a l  d a t a .
(1 )  A c c o r d in g  t o  t h e  Schw arz  i n e q u a l i t y
w h ic h  when a p p l i e d  t o  Rx  a n d  Ry s t a t e s  t h a t
<
(1 1 - 1 6 )
(1 1 -1 7 )u a i  u b j  = ( u a f  “ b j 2) 1^
H ence  Rx an d  Ry c a n n o t  e x c e e d  u n i t y .
( 2 )  S i n c e  t u r b u l e n c e  i s  random  b u t  n o t  d i s c o n t i n u o u s  i t  i s  
e x p e c te d  t h a t  Rx  and  Ry w i l l  a p p r o a c h  z e r o  a s  x  and  y go t o
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i n f i n i t y .  T h i s  t r a n s i t i o n  from  u n i t y  t o  z e r o  s h o u ld  b e  
s m o o th .
T h i s  e x t e n s i o n  o f  T a y l o r ' s  o r i g i n a l  c o r r e l a t i o n  c o e f ­
f i c i e n t  was d o n e  by  von  Karm an1 1 * A c c o r d in g  t o  v on  K4rm4n 
t h e  c o r r e l a t i o n  c o e f f i c i e n t s  b e tw e e n  an y  com ponen t o f  t h e  
v e l o c i t y  f l u c t u a t i o n  a t  a  g i v e n  p o i n t  a n d  a n y  com ponent o f  
v e l o c i t y  f l u c t u a t i o n  a t  a n o t h e r  p o i n t  fo rm  a  t e n s o r .  He a l s o  
i n t r o d u c e d  t h e  t r i p l e  c o r r e l a t i o n  f u n c t i o n .
4 .  M i c r o s c a l e  o f  T u r b u le n c e
The s p e c t r u m  o f  eddy  s i z e s  r a n g e s  f ro m  some u p p e r  l i m i t  
w h ic h  i s  d e p e n d e n t  upon  t h e  s i z e  o f  t h e  f lo w  a p p a r a t u s  and  t h e  
f lo w  c o n d i t i o n s  down t o  some lo w e r  l i m i t  w h ic h  i s  d e te r m i n e d  
p r i m a r i l y  by t h e  v i s c o s i t y  b u t  a l s o  by  t h e  f lo w  c o n d i t i o n s .
The l i m i t s  o f  t h e  s p e c t r u m  g i v e n  a b o v e  a r e  o f  c o u r s e  v e r y  
g e n e r a l j  and  t h e  a c t u a l  s p e c t r u m  i n  a  f lo w  s i t u a t i o n  i s  
d e t e r m i n e d  by s e v e r a l  d i f f e r e n t  f a c t o r s  i n t e r r e l a t e d  i n  a 
v e r y  com plex  m a n n e r .
I t  i s  a t  t h e  lo w e r  end o f  t h i s  s p e c t r u m  w h e re  m ic r o ­
s c a l e  o f  t u r b u l e n c e  i s  c o n c e r n e d .  T he  l a r g e r  e d d i e s  o r  
s w i r l s  a r e  b r o k e n  down t o  g i v e  s m a l l e r  s w i r l s .  T h is  p r o c e s s  
c o n t i n u e s  u n t i l  f i n a l l y  t h e  t u r b u l e n t  e n e r g y  i s  d i s s i p a t e d  
i n t o  h e a t .  T he r a t e  o f  d i s s i p a t i o n  o f  e n e r g y  a t  a n y  i n s t a n t  
i n  a  f l u i d  i s  d e p e n d e n t  u p o n  t h e  v i s c o s i t y  an d  t h e  i n s t a n t a n e o u s
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d i s t r i b u t i o n  o f  t h e  v e l o c i t y .  To d e v e l o p  a c o r r e l a t i o n  
b e tw e e n  t h e  r a t e  o f  d i s s i p a t i o n  o f  e n e r g y  and  t h e  s t a t i s t i ­
c a l  p r o p e r t i e s  o f  t h e  v e l o c i t y  f i e l d  su c h  a s  Fy w ould  b e  a  
v e r y  c o m p l i c a t e d  p r o c e s s  f o r  t h e  g e n e r a l  c a s e  o f  t u r b u l e n c e .  
T h e r e  i s  o n e  c a s e  o f  t u r b u l e n t  f lo w  w h ic h  g r e a t l y  s i m p l i f i e s  
t h e  a n a l y s i s  o f  t h e  r a t e  o f  d i s s i p a t i o n  o f  t u r b u l e n c e .  T h is  
c a s e  i s  t e rm e d  i s o t r o p i c  t u r b u l e n c e ,  and  i s  d e f i n e d  a s  t h a t  
c o n d i t i o n  w h e re  t h e  a v e r a g e  v a l u e  o f  a n y  f u n c t i o n  o f  t h e  
v e l o c i t y  c o m p o n e n ts ,  d e f i n e d  w i t h  r e s p e c t  t o  a  g i v e n  s e t  
o f  a x e s ,  i s  u n a l t e r e d  i f  t h e  a x e s  a r e  r o t a t e d  o r  r e f l e c t e d  
i n  an y  p l a n e  t h r o u g h  t h e  o r i g i n . 2 T h e r e f o r e ,  t h e  i n t e n s i t i e s  
o f  t u r b u l e n c e  i n  t h e  x ,  y ,  and  z d i r e c t i o n s  a t  on e  p o i n t  a r e  
e q u a l ,  i n  i s o t r o p i c  t u r b u l e n c e .
u 1 = v 1 w ' ( 1 1 - 1 8 )
A l s o ,  t h e  c o r r e l a t i o n s  b e tw e e n  f l u c t u a t i n g  co m p o n e n ts  o f  t h e  
v e l o c i t y  a t  a  p o i n t  a r e  z e r o .
T3v = W  = W  -  0 ( 1 1 - 1 9 )
The g e n e r a l  e x p r e s s i o n  f o r  t h e  r a t e  o f  d i s s i p a t i o n  o f  
e n e r g y  i n  t u r b u l e n t  m o t io n  i s
(11-20)
+ pHVHSJ + Hr- + -jr-TH\  3y dz  )  \  9 x  i  J
18
w h e re  E = D i s s i p a t i o n  o f  e n e r g y  p e r  u n i t  m ass 
p, = v i s c o s i t y  o f  f l u i d .
I n  t h e  c a s e  o f  i s o t r o p i c  t u r b u l e n c e  t h e  r e l a t i o n s
Hr) -Br)a-Hf-)
a n d        jg " ■"■g1 >J ' "".....  'JJ I  -rj
( \  _ / 9u \ _  /  9v_\ _ / 8v  \ _ / 9w \ _  / dw \
\  9y ) \ 3z / \ 8 X / \ b z  ) I 9x I I by  )
and  ______  ______  ______
~5y du  _ 9w 9v  _ du 9w 
3x 3y  3y bz bz  3x
( 11- 22)
( 1 1 -2 3 )
a p p l y ,  and  t h e  e x p r e s s i o n  f o r  t h e  r a t e  o f  d i s s i p a t i o n  o f  
e n e rg y  r e d u c e s  t o  e q u a t i o n  ( 1 1 - 2 4 ) .
■ f  - 6 Hr)2 +6 (Hr)2+6 (w ) <II-24>
The a b o v e  e q u a t i o n  c o n t a i n s  t h r e e  t y p e s  o f  t e r m .  From 
m a t h e m a t i c a l  p r o c e d u r e s  and  s e v e r a l  r e l a t i o n s h i p s  i t  c an  
b e  shown t h a t  t h e s e  t h r e e  t e r m s  a r e  r e l a t e d  t o  e a c h  o t h e r  
and  i f  o n e  t e r m  i s  known t h e  o t h e r  two c a n  b e  o b t a i n e d .  
T h e r e f o r e ,  f o r  i s o t r o p i c  t u r b u l e n c e  t h e  r a t e  o f  e n e r g y  
d i s s i p a t i o n  r e d u c e s  t o
1  = 7-5 H H r )  ( I I ‘ 25)
w h e re
E = a v e r a g e  d i s s i p a t i o n  o f  e n e r g y  p e r  u n i t  m ass
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The d e t a i l e d  p r o o f  o f  e q u a t i o n  ( 1 1 - 2 5 )  i s  g i v e n  i n  A p p e n d ix  C. 
The r a t e  o f  e n e rg y  d i s s i p a t i o n  i s  d e p e n d e n t  upon  t h e
te rm  a n d  t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  Ry, i s  r e ­
l a t e d  t o  7  ; t h e r e f o r e ,  t h e r e  s h o u ld  e x i s t  a  d e f i n i t e  
r e l a t i o n s h i p  b e tw e e n  Ry and  E f o r  t h e  c a s e  o f  i s o t r o p i c  
t u r b u l e n c e .
T a y l o r 23 h a s  shown t h a t  Ry c a n  b e  e x p an d e d  i n  a  s e r i e s  
su ch  t h a t
R y  =  1  •  hfc B y f  £ r  § *  F s F ?  '  • • • < I I _ 2 6 )
I f  t h e  s e r i e s  i s  t r u n c a t e d  a t  t h e  se c o n d  t e r m  t h e n
%  -  1 -  ( I I _ 2 7 )
H en ce , t h e  c u r v a t u r e  o f  t h e  Ry v e r s u s  y  c u r v e  a t  y  = 0 i s  
a m e a s u r e  o f  ( ^  jp . T h i s  r e l a t i o n s h i p  c a n  b e  e x p r e s s e d  a s
Now, a  l e n g t h ,  x* can  b e  d e f i n e d  s u c h  t h a t
I  = LU o  (  1 ygRy ) . ( I I - 2 9 )
_ 1
x 2 -y-»
T h u s , X2 i s  a  m e a s u r e  o f  t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  Ry 
c u r v e  a t  y = o .  T h e re  i s  a l s o  a n o t h e r  i n t e r p r e t a t i o n  o f  X 
w h ic h  d e f i n e s  a  p a r a b o l a  t h a t  t o u c h e s  t h e  Ry c u r v e  a t  t h e
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o r i g i n  and  c u t s  t h e  a x i s  Ry = 0 a t  t h e  p o i n t  y  = X . The 
e q u a t i o n  f o r  s u c h  a  p a r a b o l a  i s
y  = X ( 1 -  R y ) 1/*  . ( 1 1 -3 0 )
T h i s  l e n g t h  X i s  c a l l e d  t h e  m ic r o s c a l e -  o f  t u r b u l e n c e  and  
may b e  r e g a r d e d  a s  a  m e a s u r e  o f  t h e  " s m a l l e s t "  e d d i e s ,  i . e . ,  
t h e  s m a l l  e d d i e s  c h i e f l y  r e s p o n s i b l e  f o r  t h e  d i s s i p a t i o n  o f  
e n e r g y .
E q u a t io n s  ( 1 1 - 2 5 ) ,  ( 1 1 - 2 7 ) ,  and  ( 1 1 - 2 8 )  c a n  b e  com­
b i n e d  t o  r e l a t e  t h e  d i s s i p a t i o n  o f  e n e r g y  t o  Ry so  t h a t
E  = 15 n u *  L t  ( 1 ~ , M  ( H - 3 1 )
y— o \ y  /
o r
I  = 15 M-u^/Xa, ( 1 1 - 3 2 )
5 .  C o r r e l a t i o n  i n  T u r b u l e n t  S h e a r  F low  i n  P i p e s
T a y l o r 26 p r o v e d ,  f o r  p i p e  f lo w ,  t h a t  t h e r e  m u s t  b e  
n e g a t i v e  v a l u e s  o f  Ry a t  some p o s i t i o n s  o f  t h e  v a r i a b l e  
p o i n t  when t h e  c o r r e l a t i o n  c o e f f i c i e n t  i s  m e a s u re d  b e tw e e n  
t h e  com ponent o f  v e l o c i t y  a t  a  f i x e d  p o i n t  and  t h a t  a t  a  
v a r i a b l e  p o i n t  i n  t h e  sam e c r o s s - s e c t i o n .  T a y l o r ' s  p r o o f  
a p p l i e s  o n ly  f o r  t h e  c a s e  w h e re  t h e  a p p l i e d  p r e s s u r e  d i f f e r ­
e n c e  b e tw e e n  t h e  en d s  o f  t h e  p i p e  i s  c o n s t a n t  an d  t h e  f l u i d  
i s  c o n s i d e r e d  i n c o m p r e s s i b l e .  I f  t h e  l a t t e r  c o n d i t i o n  i s  
a p p l i c a b l e ,  t h e  mean f l o w  a c r o s s  e a c h  s e c t i o n  o f  a  p i p e  i s
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c o n s t a n t  a t  a l l  s e c t i o n s  o f  t h e  p i p e ,  and  a n y  c h a n g e  i n  t h e  
mean f lo w  w i l l  o c c u r  s i m u l t a n e o u s l y  a t  a l l  s e c t i o n s .  To 
p r o d u c e  s u c h  a  c h a n g e  i n  t h e  mean v e l o c i t y  i t  w ould  b e  n e c e s ­
s a r y  t o  v a r y  t h e  p r e s s u r e  d i f f e r e n c e  b e tw e e n  t h e  e n d s  o f  t h e  
p i p e .  T h e r e f o r e ,  f o r  f l o w  u n d e r  a  s t e a d y  p r e s s u r e  d i f f e r e n c e  
t h e r e  c a n  b e  no  t im e  v a r i a t i o n s  i n  t h e  mean f lo w  a c r o s s  a  
s e c t i o n .  S u p p o se  t h a t  t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  R y , i s  
b e i n g  m e a s u re d  b e tw e e n  a  f i x e d  p o i n t  P , a n d  a  v a r i a b l e  p o i n t  
Q on t h e  same c r o s s  s e c t i o n .  The m ean v e l o c i t y  a t  t h i s  c r o s s  
s e c t i o n  w i l l  b e  c o n s t a n t .  T h e r e f o r e ,
J 'O S  + u 2) d y d z  = c o n s t a n t  = J  Udydz ( I X - 33)
w h e re  U i s  t h e  a v e r a g e  v e l o c i t y  a t  t h e  p o i n t  Q. T he i n t e ­
g r a t i o n  i s  t a k e n  o v e r  t h e  e n t i r e  c r o s s  s e c t i o n .  A t a n y  i n ­
s t a n t  p
/ u 2 d y d z  = 0 .  (  1 1 -3 4 )
The f l u c t u a t i n g  com ponen t u L i s  c o n s t a n t  f o r  t h i s  i n t e g r a t i o n  
a n d  when m u l t i p l i e d  t i m e s  e q u a t i o n  ( 1 1 - 3 4 )  may b e  p lac ed ^  >. 
i n s i d e  t h e  i n t e g r a l .
J "  u xu 2 d y d z  = 0  ( 1 1 -3 5 )
E q u a t i o n  ( 1 1 - 3 5 )  i s  t r u e  f o r  a n y  i n s t a n t  o f  t im e  a n d  t h e  i n ­
t e g r a l  o f  t h i s  e q u a t i o n  o v e r  a  t i m e  i n t e r v a l  T w i l l  a l s o  b e
T
z e r 0 ’ ^  J o  [ / ' u ^  dyd z j  d t  = 0 ( 1 1 - 3 6 )
I f  t h e  o r d e r  o f  i n t e g r a t i o n  o f  ( 1 1 - 3 6 )  i s  c h a n g e d ,  an d  s i n c e
1  y \ u ad t  = T T ^  (1 1 -3 7 )
e q u a t i o n  (1 1 -3 6 )  becom es
J  u l u 2d y d 2 = 0 » (1 1 -3 8 )
From e q u a t i o n  (1 1 - 1 4 )  i t  i s  e v i d e n t  t h a t
I T C  *  Ry 7 u f  T u f  (1 1 -3 9 )
o r
u 1u 2 = Ry u [ u 2  ̂ ( 1 1 -4 0 )
E q u a t io n s  (1 1 - 3 8 )  and  ( 1 1 - 4 0 )  c a n  b e  com bined  so  t h a t
J Ry u^Ug d y d z  = 0 # (1 1 -4 1 )
B ut u ’ i s  c o n s t a n t  w i t h  r e s p e c t  t o  t h i s  i n t e g r a t i o n ,  t h e r e ­
f o r e ,  p
u [  j  Ry u 2 d y d z  = 0 (1 1 -4 2 )
c o n s e q u e n t ly ,
J Ry u 2 d y d z  = 0 ,  ( 1 1 -4 3 )
S in c e  u 2 i s  a  p o s i t i v e  q u a n t i t y  i t  i s  o b v io u s  t h a t  Ry m ust 
b e  n e g a t i v e  a s  w e l l  a s  p o s i t i v e . (1 4 )
6 . D i s t r i b u t i o n  o f  T u r b u l e n t  Q u a n t i t i e s
The t h e o r y  p r o p o s e d  by T a y l o r  o n ly  d e f i n e s  t h e  m a c ro ­
s c a l e ,  m i c r o s c a l e ,  i n t e n s i t y  and o t h e r  q u a n t i t i e s  o f  t u r b u ­
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l e n c e .  I t  d o e s  n o t  p r e d i c t  t h e  d i s t r i b u t i o n  o f  t h e  s c a l e  o f  
t u r b u l e n c e  o r  t h e  d i s t r i b u t i o n  o f  t h e  i n t e n s i t y  o f  t u r b u l e n c e  
f o r  p i p e  f l o w  o r  f o r  t h a t  m a t t e r  any o t h e r  t y p e  o f  f lo w .  I n  
f a c t ,  t h e r e  a r e  no t h e o r i e s  t h a t  h a v e  b e e n  f o r m u l a t e d  t h a t  
w i l l  p r e d i c t  t h e  d i s t r i b u t i o n  o f  t h e  s c a l e  o f  t u r b u l e n c e .  
T h e r e f o r e ,  e x p e r i m e n t a l  d a t a  m u s t  b e  r e l i e d  u p o n  t o  d e t e r ­
m in e  how t h e  s c a l e  o f  t u r b u l e n c e  i s  d i s t r i b u t e d  a c r o s s  a  
c h a n n e l .
L a u f e r  h a s  d e t e r m i n e d  t h e  d i s t r i b u t i o n  o f  t h e  s c a l e  
o f  t u r b u l e n c e  i n  a  t w o - d i m e n s i o n a l  c h a n n e l ,  b u t  t h e r e  a r e  
no  d a t a  a v a i l a b l e  t o  show t h e  d i s t r i b u t i o n  o f  t h e  s c a l e  o f  
t u r b u l e n c e  i n  a  c i r c u l a r  c h a n n e l  f o r  a  g i v e n  s e t  o f  f lo w  
c o n d i t i o n s .
7 .  Hot W ire  Anem ometry
B e c a u s e  o f  i t s  v a s t  s u p e r i o r i t y  o v e r  a l l  o t h e r  i n s t r u ­
m e n ts  u s e d  i n  m e a s u r in g  t h e  f l u c t u a t i n g  c o m p o n e n ts  o f  t h e  
v e l o c i t y  i n  t u r b u l e n t  f lo w ,  t h e  h o t  w i r e  an em o m ete r  h a s  
r e c e i v e d  v e r y  e x t e n s i v e  u s e  i n  t h i s  f i e l d .  T h e r e  a r e  a b o u t  
s i x  m a jo r  r e q u i r e m e n t s  o f  a n  i n s t r u m e n t  w h ic h  i s  t o  b e  u s e d  
i n  m e a s u r in g  t u r b u l e n t  f lo w  q u a n t i t i e s .  T h e s e  s i x  r e q u i r e ­
m e n ts  a s  s e t  down b y  H in z e 9 a r e ;
1) T he  s e n s i n g  e le m e n t  m ust b e  s m a l l  i n  o r d e r  t h a t  
i t  d o e s  n o t  d i s t u r b  t h e  v e l o c i t y  f i e l d .
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2) T he s e n s i n g  e le m e n t  m u s t  b e  s m a l l e r  t h a n  t h e  
m i c r o s c a l e  o f  t u r b u l e n c e .
3) T he  i n s t r u m e n t  m ust h a v e  a  f a s t  r a t e  o f  r e s p o n s e  
s i n c e  i t  w i l l  b e  r e q u i r e d  t o  m e a s u r e  f r e q u e n c i e s  a s  
h i g h  a s  5 ,0 0 0  c y c l e s  p e r  s e c o n d .
4) T he  i n s t r u m e n t  m ust b e  s e n s i t i v e  eno ugh  t o  d e t e c t  
s m a l l  d i f f e r e n c e s  i n  t h e  v e l o c i t y  f l u c t u a t i o n s .
5) T he  i n s t r u m e n t  m ust b e  s t a b l e .
6) T he  m e a s u r in g  d e v i c e  m u s t  b e  r i g i d  enoug h  so  t h a t  
s t r a y  m e c h a n i c a l  v i b r a t i o n s  w i l l  n o t  b e  d e t e c t e d  a s  
t u r b u l e n t  f l u c t u a t i o n s .
T h e s e  a r e  t h e  g e n e r a l  r e q u i r e m e n t s  and  no  on e  i n s t r u ­
m ent w i l l  s a t i s f y  e a c h  c o n d i t i o n  t o  t h e  f u l l e s t ,  b u t  t h e  h o t  
w i r e  a n em o m e te r  comes t h e  c l o s e s t  t o  m e e t i n g  t h e s e  r e q u i r e ­
m e n t s .
The h o t  w i r e  a n em o m e te r  c o n s i s t s  o f  a  v e r y  s h o r t  a n d  
v e r y  s m a l l  w i r e  and  t h e  a c c o m p a n y in g  a m p l i f i e r s  a n d  o t h e r  
e l e c t r o n i c  e q u ip m e n t  f o r  h e a t i n g  t h e  w i r e  an d  m e t e r i n g  t h e  
s i g n a l  g e n e r a t e d  by  t h e  f l u c t u a t i n g  v e l o c i t y .  T he w i r e s  h a v e  
d i a m e t e r s  i n  t h e  r a n g e  o f  1 t o  10 p and  a r e  a b o u t  .0 3  i n c h e s  
i n  l e n g t h .  T he  w i r e  i s  h e a t e d  t o  a b o u t  2 0 0 °C b y  a n  e l e c t r i c  
c u r r e n t .
T h e r e  a r e  two b a s i c  t y p e s  o f  h o t  w i r e  a n e m o m e te rs .
One i s  b a s e d  o n  t h e  c o n s t a n t  c u r r e n t  p r i n c i p l e  a n d  t h e  o t h e r
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on t h e  c o n s t a n t  t e m p e r a t u r e  p r i n c i p l e .  The l a t t e r  w i l l  b e  
d i s c u s s e d  i n  m ore  d e t a i l  s i n c e  t h i s  was t h e  t y p e  u s e d  i n  t h i s  
p r o j  e c t .
The w i r e  i s  p l a c e d  i n  t h e  r e g i o n  o f  f lo w  o f  d e s i r e d  
i n t e r e s t ,  an d  a s  t h e  f l u i d  f lo w s  p a s t  t h e  h e a t e d  w i r e  t h e  
h e a t  l o s s  from  t h e  w i r e  v a r i e s  w i t h  t h e  f l u c t u a t i n g  v e l o c i t y .
An i n c r e a s e  i n  v e l o c i t y  i n c r e a s e s  t h e  h e a t  l o s s  and  lo w e r s  
t h e  t e m p e r a t u r e  o f  t h e  w i r e  and  c o n s e q u e n t l y  lo w e rs  t h e  w i r e  
r e s i s t a n c e .  S in c e  t h e  w i r e  i s  b e i n g  m a i n t a i n e d  a t  a  c o n s t a n t  
t e m p e r a t u r e ,  i . e . ,  c o n s t a n t  r e s i s t a n c e ,  t h e  c u r r e n t  t h r o u g h  
t h e  w i r e  i s  i n c r e a s e d  i n  o r d e r  t o  r e s t o r e  t h e  w i r e  b a c k  t o  
t h e  o p e r a t i n g  t e m p e r a t u r e .  The f l u c t u a t i n g  v e l o c i t y  t h e r e f o r e  
c r e a t e s  a  f l u c t u a t i n g  c u r r e n t  w h ic h  i s  m o n i t o r e d  by  t h e  o p e r a ­
t o r .
The h e a t  b e in g  t r a n s f e r r e d  fro m  t h e  w i r e  t o  t h e  f l u i d  
i s  d e p e n d e n t  upo n  f o u r  t h i n g s :  (1 )  The v e l o c i t y  o f  f l u i d ;
( 2) t h e  t e m p e r a t u r e  d i f f e r e n c e  b e tw e e n  w i r e  an d  f l u i d ;
(3 )  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  f l u i d ;  and  (4 )  t h e  d im e n ­
s i o n s  and  p h y s i c a l  p r o p e r t i e s  o f  t h e  w i r e . 9 S i n c e  t h e  w i r e  
i s  a  c y l i n d e r ,  t h e  p r i n c i p l e s  g o v e r n i n g  t h e  h e a t  l o s s  f ro m
a  c y l i n d e r  may b e  a p p l i e d .  I f  t h e  f l u i d  i s  i n c o m p r e s s i b l e  
an d  i f  r a d i a t i o n  and n a t u r a l  c o n v e c t i o n  a r e  c o n s i d e r e d  t o  b e  
n e g l i g i b l e  t h e  h e a t  t r a n s f e r  from  a  c y l i n d e r  c a n  b e  r e p r e ­
s e n t e d  by  t h r e e  d i m e n s i o n l e s s  g r o u p s .  The b e s t  r e l a t i o n s h i p
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f o r  t h e  h o t  w i r e  c a s e  i s  o n e  t h a t  w as d e v e lo p e d  by  K ra m e r . 12 
T h i s  e m p i r i c a l  r e l a t i o n s h i p  i s
Nu = 0 .4 2  P r ° ’ 2 + 0 .5 7  P r ° ‘ 33R e £ ' 50 ( 1 1 -4 4 )
w h e re  ,
Nu = j1*1 = N u s s e l t  num ber
k g
P r  = c P^fi = P r a n d t l  num ber
Rew = P g^e^  = R e y n o ld s  num ber o f  w i r e  
M-g
Cp = h e a t  c a p a c i t y  o f  g a s  
d = d i a m e t e r  o f  w i r e  
kg = t h e r m a l  c o n d u c t i v i t y  o f  g a s  
h  = h e a t  t r a n s f e r  c o e f f i c i e n t  
f g  = d e n s i t y  o f - t h e  g a s
Ue = v e l o c i t y  p e r p e n d i c u l a r  t o  t h e  w i r e .
E q u a t io n  (1 1 -4 4 )  h a s  b e e n  p ro v e n  t o  b e  v a l i d  f o r  g a s e s  
i n  t h e  r a n g e
0 . 0 1  < Rew > 1 0 , 0 0 0 .
The g a s  p r o p e r t i e s  i n  ( n - 4 4 )  a r e  e v a l u a t e d  a t  t h e  " f i l m  
t e m p e r a t u r e . "  As t o  t h e  a s s u m p t io n  t h a t  n a t u r a l  c o n v e c t i o n  
may b e  n e g l e c t e d ,  i t  h a s  b e e n  shown t h a t  f o r  R e y n o ld s  num bers  
g r e a t e r  t h a n  0 . 5  and  i f
g c  P „ 2 Sd3 At 
(G r )w Pr = - P g - K  < 10“ 4
W here \ S f e 2d 3 ATP(G r) =5 ------W -  7 7 2
g = a c c e l e r a t i o n  d u e  t o  g r a v i t y
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0 = c o e f f i c i e n t  o f  e x p a n s i o n  o f  g a s  
AT = t e m p e r a t u r e  d i f f e r e n c e  b e tw e e n  w i r e  and f l u i d  
t h a t  t h i s  a s s u m p t io n  i s  v a l i d .  The t h e r m a l  r a d i a t i o n  e f f e c t s  
c a n  b e  n e g l e c t e d  f o r  t e m p e r a t u r e s  b e lo w  300°C.
The h e a t  l o s s  from  t h e  w i r e  t o  t h e  g a s  i s  g i v e n  by  t h e  
r e l a t i o n s h i p
w h e re
q = hdirrs (Tw “ Tg) (1 1 -4 5 )
q = h e a t  l o s s  p e r  u n i t  t im e  
s  = l e n g t h  o f  w i r e  
Tw = t e m p e r a t u r e  o f  w i r e  
T„ = t e m p e r a t u r e  o f  f l u i d .O
I f  e q u a t i o n  ( 1 1 -4 4 )  i s  s o l v e d  f o r  h  a n d  t h i s  s o l u t i o n  s u b ­
s t i t u t e d  i n  ( 1 1 -4 5 )  t h e  r e s u l t  i s
q = it k  s  (T -  T ) f o . 4 2  ( P r ) 0 *z0  + 0 .5 7  ( P r ) ° ■ 5S e „ ° • ° °  
s  w 8  L  ( n - 4 6 y
T h e  h e a t  l o s s ,  q , m u s t  b e  e q u a l  t o  t h e  h e a t  g e n e r a t e d  p e r  
u n i t  t im e  b y  t h e  e l e c t r i c  c u r r e n t .  T h u s ,
i 2Rw = 7T kgS (Tw -  Tg ) [^0.42 ( P r ) ° ' a  + 0 .5 7  ( P r ) 0 *3 3 ( R e ) ° ’ 5°]
( 1 1 -4 7 )
w h e re  i  = e l e c t r i c a l  c u r r e n t  i n  w i r e
Rw = r e s i s t a n c e  o f  w i r e .
T h e  w i r e  r e s i s t a n c e  i s  a  f u n c t i o n  o f  t h e  w i r e  t e m p e r a t u r e .
Rw ~ Rn f l  0[ l  + o (Tw -  To)] (1 1 - 4 8 )
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w h e re
R0 -  w i r e  r e s i s t a n c e  a t  an  a r b i t r a r y  r e f e r e n c e
t e m p e r a t u r e
T0 = R e f e r e n c e  t e m p e r a t u r e
a = t e m p e r a t u r e  c o e f f i c i e n t s  o f  e l e c t r i c a l
r e s i s t i v i t y  o f  t h e  w i r e .
I f  Rg i s  a l s o  r e p r e s e n t e d  by a  s i m i l a r  r e l a t i o n s h i p  t h e n  t h e
t e m p e r a t u r e  b e tw e e n  w i r e  and g a s  may b e  e x p r e s s e d  a s
T«  -  TS ■ ( I I ‘ 49)
w h e re
Rg = r e s i s t a n c e  o f  w i r e  a t  t e m p e r a t u r e  o f  t h e
g a s .
When E q u a t io n  ( 1 1 -4 9 )  i s  s u b s t i t u t e d  i n t o  ( 1 1 - 4 7 )  t h e  r e s u l t  
i s
i 2Rw r  0 , 2  0 ,3 3  o ■ 50”)“ ^rr42(Pr) + (Pr) (Ee)w J (II_50>Rw “ Rg ctro
or
l2Rw = Ki + K2 v/Up (11-51)
w h e re
Rw “ Rg
K « ^ B 8 0-42 ( P r ) ° *2
a  Ro ^ d  ° - 5
K = TkSS 0-57 ( P r ) ° ' 33 Ug '___
2 <7 R0
Ue = e f f e c t i v e  v e l o c i t y .
E q u a t io n  ( 1 1 - 5 1 )  commonly known a s  K i n g ' s  e q u a t i o n  
shows t h a t  t h e  g e n e r a t e d  c u r r e n t  b e a r s  a  f o u r t h  r o o t  r e l a ­
t i o n s h i p  t o  t h e  v e l o c i t y .  I t  i s  g e n e r a l  p r a c t i c e  f o r  t h e  
two c o n s t a n t s  Kx and K2 t o  b e  d e t e r m i n e d  e x p e r i m e n t a l l y .
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8 . D i r e c t i o n a l  S e n s i t i v i t y  o f  W ire
The h e a t  l o s s  f ro m  t h e  h e a t e d  w i r e  a c c o r d i n g  t o  
e q u a t i o n  ( 1 1 -4 6 )  i s  d e p e n d e n t  upon  t h e  e f f e c t i v e  v e c t o r  
v e l o c i t y  p e r p e n d i c u l a r  t o  t h e  w i r e .  T h e r e f o r e  t h e  v e l o c i t y  
co m p o n e n ts  w h ic h  a f f e c t  t h e  w i r e  a r e  d e p e n d e n t  up on  t h e  
o r i e n t a t i o n  o f  t h e  w i r e .  I f  t h e  w i r e  i s  p l a c e d  i n  t h e  y z  
p l a n e  w i t h  t h e  l e n g t h  o f  t h e  w i r e  p a r a l l e l  t o  t h e  y a x i s  
t h e n  i t  i s  s e n s i t i v e  t o  t h e  v e l o c i t y  co m p o n en ts  U, u ,  and  
v  and  i n s e n s i t i v e  t o  w. The e f f e c t i v e  v e l o c i t y  i s
(Ue ) 2= (U + u) 2 + v 2 (1 1 -5 2 )
o r
(Ue ) 2= U2 + 2uU + u 2 + v 2 (1 1 -5 3 )
F i g u r e  1 i s  a  g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  v e l o c i t y  v e c t o r s .  
The f o l l o w i n g  c o n c l u s i o n s  c an  b e  m ade a b o u t  t h e  t e r m s  i n  
e q u a t i o n  (1 1 -5 3 )
TJ2 > 2uU »  v 2
T h e r e f o r e ,  i t  i s  p o s s i b l e  t o  n e g l e c t  v 2 and  s i n c e  w2 i s  p a r ­
a l l e l  t o  t h e  w i r e  i t  c a n  a l s o  b e  n e g l e c t e d ;  c o n s e q u e n t l y ,  
t h e  e f f e c t i v e  v e l o c i t y  i s
(Ue ) = U + u  ( 1 1 -5 4 )
By s e l e c t i v e  o r i e n t a t i o n  o f  t h e  w i r e  o t h e r  v e l o c i t y  com­
p o n e n t s  can  b e  m e a s u re d .
FIGURE I







9 .  M easu rem en t o f  C o r r e l a t i o n  C o e f f i c i e n t
I f  two h o t  w i r e s  a r e  j u x t a p o s e d  p e r p e n d i c u l a r  t o  t h e  
mean f lo w ,  U, and  i f  t h e s e  two p r o b e s  c a n  b e  s e p a r a t e d  from  
o n e  a n o t h e r  t h e n  t h e  c o r r e l a t i o n  c o e f f i c i e n t  By c a n  b e  d e t e r ­
m in ed  a s  a  f u n c t i o n  o f  y ,  t h e  d i s t a n c e  o f  s e p a r a t i o n .  Sup­
p o s e  t h a t  t h e  f i x e d  p r o b e  ( p r o b e  1) i s  a t  p o i n t  P and  t h e  
v a r i a b l e  p r o b e  ( p r o b e  2) i s  a t  a  v a r i a b l e  p o i n t  Q w h ic h  l i e s  
i n  t h e  same c r o s s  s e c t i o n .  The f l u c t u a t i n g  com ponent u ,  
m e a s u re d  b y  p r o b e  1 c a n  b e  a d d ed  t o  t h e  f l u c t u a t i n g  com ponent 
u 2 m e a s u re d  by  p r o b e  2 and  t h e  rms v a l u e  o f  t h i s  com bined  
s i g n a l  c a n  b e  m o n i t o r e d  w i t h  a  rms a n a l y z e r .  L e t  t h e  q u a n t i t y  
A r e p r e s e n t  t h e  t im e  sm o o th ed  v a l u e  o f  t h i s  com bined  s i g n a l ,
A = ux + u2 (11-55)
I f  A i s  s q u a r e d  and  t h e  R e y n o ld s  r u l e s  o f  a v e r a g e s  a r e  a p ­
p l i e d ,  t h e n
A2 = u f  + 2u ,u a + u |  . (11-56)
A l s o ,  t h e  two s i g n a l s  f rom  p r o b e  1 an d  p r o b e  2 c a n  b e  s u b ­
t r a c t e d  and  a n  rm s v a l u e ,  B, o f  t h i s  d i f f e r e n c e  o b t a i n e d .
B = u j  ( 1 1 -5 7 )
A g a in ,  t h i s  t im e  sm o o th ed  s i g n a l  B c a n  b e  s q u a r e d  and  i f  t h e  
R e y n o ld s  r u l e s  o f  a v e r a g e s  a r e  a p p l i e d
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B2 = u j  -  2 j xu 2 + u f ,  ( 1 1 -5 8 )
Now i f  e q u a t i o n  (1 1 - 5 8 )  i s  s u b t r a c t e d  from  (1 1 -5 6 )  t h e  r e s u l t  
i s
A2 -  B2 = 4 u 7 u 2 . ( 1 1 -5 9 )
L e t  a  r e p r e s e n t  t h e  t im e  sm ooth  v a l u e  o f  U i ,  i . e . ,  t h e
i n t e n s i t y ,  u j ,  a t  p o i n t  p ,  and  l e t  b  r e p r e s e n t  t h e  t im e  
sm o o th  v a l u e  o f  u a ,  i . e . ,  t h e  i n t e n s i t y ,  U2 , a t  p o i n t  Q.
I f  e q u a t i o n  (1 1 -5 9 )  i s  d i v i d e d  by t h e  i n t e n s i t y  o f  t u r b u ­
l e n c e  a t  p o i n t  P t i m e s  t h e  i n t e n s i t y  o f  t u r b u l e n c e  a t  p o i n t  
Q, t h e n
— Ag- “ B.a-  = 4 (1 1 -6 0 )
ab  u { u 2
From e q u a t i o n  (1 1 - 1 4 )  i t  i s  o b v io u s  t h a t
R = ( H - 6 1 )
3 4 ab  U1U2
T h u s ,  by a d d i t i o n  and  s u b t r a c t i o n  o f  t h e  two s i g n a l s  t h e  
c o r r e l a t i o n  c o e f f i c i e n t  Ry may b e  m e a s u re d .
10 . M easu rem en t o f  M i c r o s c a l e  o f  T u r b u le n c e
The d i s s i p a t i o n  l e n g t h ,  X, i s  d e f i n e d  by  e q u a t i o n s  
( 1 1 - 2 7 )  and  (1 1 - 2 8 )  n a m e ly ,
1 f J T f
—  ^ 7 ) .  ( I I - 6 2 )
T h e r e  i s  a  d e f i n i t e  r e l a t i o n s h i p  b e tw e e n
^ - ^ a n d  ^ s u c h  t h a t  ( 1 1 -6 3 )
(S e e  A p p e n d ix  C e q u a t i o n  (C -2 5 )
Now, i f  t h e  a s s u m p t io n  t h a t
”  T "  “ 3 T -  ( I I ‘ 64>
i s  p e r m i t t e d ,  t h e n  e q u a t i o n s  ( 1 1 - 6 2 ) ,  ( 1 1 - 6 3 ) ,  and (1 1 -6 4 )  
c an  b e  com bined  t o  g i v e
1  1 _ 1   Z_du\2
X2 u 2 U2 \  /  *
T h e r e f o r e ,  X c a n  b e  o b t a i n e d  by m e a s u r in g  a n  rms v a l u e  o f  
a  t im e  d i f f e r e n t i a l  o f  t h e  f l u c t u a t i n g  com ponen t u ,  a lo n g  
w i t h  t h e  m e a s u re m e n ts  o f  t h e  i n t e n s i t y  o f  t u r b u l e n c e  an d  t h e  
mean v e l o c i t y .
CHAPTER I I I  
APPARATUS
1. T e s t  E quipm ent
The e x p e r i m e n t a l  i n v e s t i g a t i o n s  w ere  c o n d u c te d  i n  
t h e  sy s te m  shown i n  F i g u r e  2. The t e s t  s e c t i o n  i t s e l f  c o n ­
s i s t e d  o f  40 f e e t  o f  2 ,  5 - i n c h  d i a m e t e r ,  s c h e d u le  40 a l u ­
minum p i p e .  The r a d i u s  o f  t h e  p i p e ,  r o ,  was 2 .5 2 4  i n c h e s .  
C e n t r i f u g a l  b lo w e r s  w e re  u s e d  t o  s u p p ly  t h e  a i r  f lo w .  A 
c a lm in g  box was p l a c e d  b e tw e e n  t h e  b lo w e r s  and  t h e  p i p e  i n  
o r d e r  t o  e l i m i n a t e  t u r b u l e n c e  in d u c e d  b y  t h e  b lo w e r s .
Two b lo w e r s  w e re  u s e d ;  f o r  t h e  h i g h  v e l o c i t i e s  a 
1 h p  c e n t r i f u g a l  b lo w e r  was u s e d ,  and  f o r  t h e  low v e l o c i t i e s  
a 1 /2 0  hp  c e n t r i f u g a l  b lo w e r  was em ploy ed . T h e se  b lo w e r s  
w e re  c o n n e c te d  t o  t h e  c a lm in g  box by  r u b b e r  s l e e v e s  w h ich  
h e l p e d  t o  p r e v e n t  m e c h a n ic a l  v i b r a t i o n s  o f  t h e  b lo w e rs  from 
b e i n g  c o n d u c te d  i n t o  t h e  t e s t  s e c t i o n .
The c a lm in g  b ox  was a  c i r c u l a r  s e c t i o n  3 f e e t  i n  d i a ­
m e t e r  and 4 f e e t  lo n g .  T h i s  s e c t i o n  was a t t a c h e d  t o  a  con ­
t r a c t i o n  c o n e  t h a t  t a p e r e d  a t  a  25° a n g l e  t o  t h e  5 - i n c h  p i p e .  
The i n t e r n a l s  o f  t h e  c a lm in g  s e c t i o n  c o n s i s t e d  o f  a  honeycomb 
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em ployed  t o  p r e v e n t  any  c i r c u l a t i o n  s e t  up  by  t h e  b lo w e r s  and  
t o  s t r a i g h t e n  t h e  f lo w .  D i r e c t l y  d o w n s tre a m  fro m  t h e  h o n e y ­
comb w e re  two s c r e e n s  ( o r d i n a r y  h o u s e h o l d  s c r e e n )  w h ic h  w e r e  
u s e d  t o  b r e a k  up  a n y  l a r g e  s lo w ly  d e c a y in g  e d d i e s  t h a t  m ig h t  
h a v e  b e e n  c r e a t e d  by  t h e  b l o w e r s .  The c o n i c a l  s e c t i o n  was 
a t t a c h e d  t o  t h e  p i p e  by  a  r u b b e r  s l e e v e  t o  f u r t h e r  e l i m i n a t e  
a n y  m e c h a n i c a l  v i b r a t i o n s .  A t h i r d  s c r e e n  and  a n o t h e r  h o n e y ­
comb w e re  p l a c e d  a t  t h e  m o u th  o f  t h e  5 - i n c h  p i p e .  T h is  
honeycom b was f a b r i c a t e d  o u t  o f  8 - i n c h  l e n g t h s  o f  7 /8  -  i n c h  
c o p p e r  t u b i n g .  D i r e c t l y  d o w n s tre a m  fro m  t h e  honeycom b an  
8 - i n c h  l e n g t h  o f  c o a r s e  s a n d p a p e r  w as g l u e d  t o  t h e  i n s i d e  
p i p e  w a l l .  The p u r p o s e  o f  t h e  s a n d p a p e r  was t o  i n d u c e  b o u n d ­
a r y  l a y e r  f o r m a t i o n .
The 40 f o o t  t e s t  s e c t i o n  o f  p i p e  c o n s i s t e d  o f  two 
20 f o o t  l e n g t h s  w h ic h  w e re  c o n n e c te d  t o g e t h e r  by  a  p r e c i s i o n  
m a c h in e d  c o u p l i n g .  The p i p e  was m o u n ted  on  h e a v y  s t e e l  
c r a d l e s  w i t h  r u b b e r  i n s u l a t o r s  p l a c e d  b e tw e e n  t h e  c r a d l e s  
a n d  t h e  p i p e .  T h e s e  p i e c e s  o f  r u b b e r  w e re  u s e d  i n  o r d e r  t o  
e l i m i n a t e  a n y  v i b r a t i o n s  t h a t  m ig h t  b e  c a r r i e d  t h r o u g h  t h e  
c o n c r e t e  f l o o r .  P h o to g r a p h s  o f  t h e  e q u ip m e n t  a r e  shown i n  
F i g u r e s  3 ,  h ,  and  5 .
To a s s u r e  t h a t  t h e  t u r b u l e n c e  i s  f u l l y  d e v e l o p e d ,
H i n z e  9 recom m ends t h a t  t u r b u l e n t  m e a s u re m e n ts  s h o u ld  b e  
m ade a t  l e a s t  40 p i p e  d i a m e t e r s  d o w n s tre a m  fro m  t h e  p i p e
e n t r a n c e .  T he  m e a s u re m e n ts  made i n  t h i s  p r o j e c t  w e re  t a k e n  
95 p i p e  d i a m e t e r s  d o w n s tre a m  fro m  t h e  e n t r a n c e ,  b u t  t o  
f u r t h e r  s u b s t a n t i a t e  t h e  f a c t  t h a t  t h e  t u r b u l e n c e  was f u l l y  
d e v e lo p e d  B r o o k s h i r e 3 m ade some t e s t  r u n s  i n  t h i s  e x p e r i ­
m e n t a l  e q u ip m e n t .  He m e a s u re d  t h e  mean v e l o c i t y  and  i n t e n ­
s i t y  o f  d i f f e r e n t  p o i n t s  a c r o s s  t h e  p i p e  a t  two d i f f e r e n t  
c e n t e r  l i n e  v e l o c i t i e s ,  20 and  100 f e e t  p e r  s e c o n d ,  u n d e r  
t h e  f o u r  f o l l o w i n g  s i t u a t i o n s :
(1 )  M e a s u r in g  p o i n t  n o rm a l  w i t h  s c r e e n  and  h o n e y ­
comb, a t  t h e  p i p e  e n t r a n c e ,  i n  p l a c e .
(2 )  M e a s u r in g  p o i n t  r o t a t e d  90° c o u n t e r c l o c k w i s e  
w i t h  s c r e e n  an d  honeycom b i n  p l a c e .
(3 )  M e a s u r in g  p o i n t  n o r m a l  w i t h  s c r e e n  and  h o n e y ­
comb rem ov ed .
(4 )  M e a s u r in g  p o i n t  r o t a t e d  90° c o u n t e r c l o c k w i s e  
w i t h  s c r e e n  an d  honeycom b rem o ved .
B r o o k s h i r e  s t a t e s  t h a t  when t h e  r e s u l t s  f ro m  t h e  f o u r  r u n s  
f o r  e a c h  v e l o c i t y  w e r e  c o m p a re d ,  t h e y  a g r e e d  w i t h i n  e x p e r i ­
m e n t a l  e r r o r .  He, t h e r e f o r e ,  c o n c lu d e d  t h a t  t h e  t u r b u l e n c e  
was f u l l y  d e v e lo p e d  and  t h a t  t h e  t u r b u l e n c e  a t  t h e  m e a s u r in g  
p o i n t  i s  i n d e p e n d e n t  o f  t h e  h i s t o r y  o f  t h e  f l u i d . 3
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2 . Hot W ire  Anem ometer
The i n s t r u m e n t  u s e d  i n  t h i s  p r o j e c t  w as t h e  m o de l IIHR 
T ype  3A L i n e a r  C o n s t a n t - T e m p e r a t u r e  Hot W ire  Anem om eter manu­
f a c t u r e d  b y  t h e  H ubbard  I n s t r u m e n t  Company, 4  W est P a r k  R oad , 
Iow a C i t y ,  Io w a . (S e e  F i g u r e  6 ) .  The d e s i g n  o f  t h i s  tw in  
c h a n n e l  i n s t r u m e n t  em ploys  a  p l u g - i n  t y p e  c o n s t r u c t i o n ,  w i t h  
e a c h  o f  t h e  f o u r  u n i t s  h o u s e d  i n  a  s e p a r a t e  s e c t i o n .  T h e se  
s e c t i o n s  f ro m  b o t to m  t o  t o p  a r e :
(1 )  D u a l  Pow er S u p p ly  - -  T h i s  u n i t  s u p p l i e s  +250 
v o l t  D.C. t o  t h e  RMS a n a l y z e r  and  “ 140 v o l t  D.C. 
t o  t h e  tw in  a m p l i f i e r s .  The pow er s u p p l i e s  a r e  d e ­
s i g n e d  so  t h a t  t h e  t o t a l  hum and  n o i s e  i s  a b o u t
50 m i c r o v o l t s .
(2 )  F an  — T h i s  two s p e e d  f a n  i s  u s e d  t o  c i r c u l a t e  
warm a i r  a ro u n d  t h e  t u b e s  t o  s h o r t e n  warm up  t im e  
a n d  t o  m in im iz e  d r i f t  c a u s e d  by  c h a n g e s  i n  o p e r a ­
t i n g  t e m p e r a t u r e  o f  t h e  e l e c t r o n i c  c o m p o n e n ts .
(3 )  Two C o n t r o l  A m p l i f i e r s  and  L i n e a r i z i n g  S ta g e  - 
T h i s  s e c t i o n  c o n t a i n s  two c o m p le te  s e r v o - t y p e  c o n ­
t r o l  a m p l i f i e r s ,  o n e  f o r  e a c h  c h a n n e l .  A ls o  t h e r e  
a r e  tw o l i n e a r i z i n g  c i r c u i t s  w h ic h  t r a n s l a t e  t h e  
f o u r t h - r o o t  r e l a t i o n s h i p  b e tw e e n  w i r e  c u r r e n t  and  
v e l o c i t y  i n t o  a  l i n e a r  r e l a t i o n s h i p .  T h i s  l i n e a r
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r e l a t i o n s h i p  i s  o b t a i n e d  by  t h e  a d ju s tm e n t  o f  t h e  
o v e r h e a t i n g  r a t i o ;  i , e ,  r a t i o  o f  w i r e  r e s i s t a n c e  
a t  e l e v a t e d  t e m p e r a t u r e  t o  w i r e  r e s i s t a n c e  a t  a m b ie n t  
t e m p e r a t u r e .  T he  o v e r h e a t i n g  r a t i o  i s  a d j u s t e d  by  
v a r y i n g  a  v a r i a b l e  r e s i s t o r  w h ic h  i s  l o c a t e d  on t h e  
i n s t r u m e n t  p a n e l .  The r e s i s t o r  i s  v a r i e d  u n t i l  t h e  
b r i d g e  c h a r a c t e r i s t i c  i s  t h e  i n v e r s e  o f  t h e  r e l a t i o n ­
s h i p  b e tw e e n  t h e  c u r r e n t  and t h e  c o n t r o l  v o l t a g e .
The w i r e s  a r e  m a i n t a i n e d  a t  c o n s t a n t  t e m p e r a t u r e  
b y  t h e  s e r v o - t y p e  a m p l i f i e r s ,  an d  t h e  c u r r e n t ,  I ,  
g e n e r a t e d  b y  t h e s e  a m p l i f i e r s  i s  m e te r e d  on  t h e  
D.C. p a n e l  m e t e r .
(4 )  R .M .S . A n a ly z e r  - -  T h is  u n i t  r e c e i v e s  t h e  f l u c ­
t u a t i n g  s i g n a l  from  t h e  w i r e s  and  p r o d u c e s  a  t im e  
sm oo th  v a l u e  o f  t h e  s i g n a l .  T he  f l u c t u a t i n g  s i g n a l s  
f ro m  t h e  two c h a n n e l s  c a n  b e  m o n i t o r e d  i n  t h e  f o l l o w ­
in g  w ays -
( a )  E i t h e r  s i g n a l  c a n  b e  m e te r e d  s e p a r a t e l y .
(b )  The tw o s i g n a l s  c an  b e  a d d ed  t h e n  m e t e r e d .
( c )  The s i g n a l  f ro m  c h a n n e l  2 c an  b e  s u b t r a c t e d  
fro m  t h e  c h a n n e l  1 s i g n a l  t h e n  m e t e r e d .
An RMS r e a d i n g  th e r m o c o u p le  t y p e  m i l l i a m m e t e r  i s  u s e d  
f o r  t h e  m e t e r i n g  i n s t r u m e n t .  T he t h r e e  s i g n a l s  d e s ­
c r i b e d  a b o v e  c a n  a l s o  b e  d i f f e r e n t i a t e d  w i t h  r e s p e c t
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t o  t im e .
On t h e  f r o n t  p a n e l  i s  a  s c o p e j a c k  f o r  v i e w in g  
t h e  f l u c t u a t i n g  s i g n a l  on  a n  o s c i l l o s c o p e .
T h i s  i n s t r u m e n t  em p loys  a  W h e a ts to n e  b r i d g e  w i t h  t h e  
s m a l l  w i r e  a c t i n g  a s  one  arm  o f  t h e  b r i d g e .  A s c h e m a t i c  o f  
t h e  s e r v o  t y p e  a m p l i f i e r  an d  b r i d g e  i s  shown i n  F i g u r e  7 .
As t h e  v e l o c i t y  o f  t h e  a i r  f l o w i n g  p a s t  t h e  w i r e  c h a n g e s ,  
t h e  h e a t  l o s s  f ro m  t h e  w i r e  c h a n g e s ,  and t h e r e  r e s u l t s  an  
i n c r e a s e  o r  d e c r e a s e  i n  t h e  w i r e  r e s i s t a n c e .  T h is  u n b a la n c e s  
t h e  b r i d g e  and  g e n e r a t e s  an  e r r o r  s i g n a l .  T he  a m p l i f i e r  i n ­
c r e a s e s  o r  d e c r e a s e s  t h e  c u r r e n t  (w h ic h  i n c r e a s e s  o r  d e c r e a s e s  
t h e  w i r e  t e m p e r a t u r e )  t h r o u g h  t h e  w i r e  i n  o r d e r  t o  b a l a n c e  
t h e  b r i d g e .  T h u s ,  t h e  a m p l i f i e r  m a i n t a i n s  t h e  w i r e  a t  a  c o n ­
s t a n t  t e m p e r a t u r e .
The v a r y i n g  c u r r e n t  t h r o u g h  t h e  w i r e  c a u s e s  a  v a r y i n g  
v o l t a g e  d r o p  a c r o s s  t h e  b r i d g e .  T h i s  v o l t a g e  d ro p  i s  r e l a t e d  
t o  t h e  v e l o c i t y  b y  t h e  u s u a l  f o u r t h - r o o t  r e l a t i o n s h i p .  A 
l i n e a r i z i n g  c i r c u i t  i s  u s e d  t o  c h a n g e  t h i s  f o u r t h - r o o t  r e l a ­
t i o n s h i p  i n t o  a  l i n e a r  o n e .  T h i s  i s  done  b y  a  vacuum  tu b e  
i n  t h e  l i n e a r i z i n g  c i r c u i t  w hose  r e l a t i o n s h i p  b e tw e e n  t h e  
s i g n a l  c u r r e n t  an d  c o n t r o l  v o l t a g e  i s  t h e  i n v e r s e  o f  t h e  
b r i d g e  c h a r a c t e r i s t i c s  f o r  a  w i r e  t h a t  i s  o p e r a t e d  a t  t h e  
c o r r e c t  t e m p e r a t u r e .  The c u r r e n t  p ro d u c e d  i n  t h e  l i n e a r i z ­






t h r o u g h  a b l o c k i n g  c a p a c i t o r  t o  t h e  RMS A n a l y z e r ,  w h e re  t im e  
sm oo thed  v a l u e s  o f  t h e  f l u c t u a t i n g  c u r r e n t  a r e  m e t e r e d .  The 
r e s p o n s e  o f  t h i s  i n s t r u m e n t  c a n  b e  c o n s i d e r e d  i n s t a n t a n e o u s  
a s  f a r  a s  t u r b u l e n t  m e a s u re m e n ts  a r e  c o n c e r n e d .
3 .  P ro b e s  and  T r a v e r s i n g  D e v ic e
Two h o t  w i r e  p r o b e s  w e re  m o u n ted  on a  t r a v e r s i n g  
d e v i c e  i n  a  m anner  so  t h a t  b o t h  p r o b e s  c o u ld  b e  moved b a c k  
a n d  f o r t h  a c r o s s  t h e  p i p e ,  and  so  t h a t  one  p r o b e  c o u ld  b e  
moved r e l a t i v e  t o  t h e  o t h e r  o n e .  P h o to g r a p h s  o f  t h e  p r o b e s  
a n d  t r a v e r s i n g  d e v i c e  a r e  shown i n  F i g u r e  8 .
T he  p r o b e s  c o n s i s t  o f  two No. 18 s e w in g  m a c h in e  
n e e d l e s  w h ic h  h a v e  b e e n  f i l e d  down a t  t h e  t i p s .  The two 
n e e d l e s  a r e  h e l d  i n  p l a c e  b y  a n  ep o x y  r e s i n  m o ld ,  and  t h e y  
a r e  a b o u t  1 /8  o f  a n  i n c h  a p a r t .  T he n e e d l e s  p r o t r u d e  a b o u t  
1 / 2  o f  a n  i n c h  o u t  o f  t h e  epoxy  m o ld .  T h is  m o ld  was s t r e a m ­
l i n e d  i n  o r d e r  t o  m in im iz e  t h e  d i s t u r b a n c e  o f  t h e  v e l o c i t y  
f i e l d .  T he  p r o b e  n e a r e s t  t h e  t r a v e r s i n g  d e v i c e  ( t h e  i n s i d e  
p r o b e )  w i l l  b e  d e s i g n a t e d  a s  P ro b e  (1 )  and  t h e  o u t s i d e  p r o b e  
w i l l  b e  c a l l e d  P ro b e  ( 2 ) .  P ro b e  (1 )  i s  a t t a c h e d  t o  a  p i e c e  
o f  1 / 8 - i n c h  s t a i n l e s s  s t e e l  t u b i n g ,  w i t h  t h e  l e a d  w i r e  on 
t h e  i n s i d e  o f  t h e  t u b e .  (One o f  t h e  n e e d l e s  i s  s o l d e r e d  t o  
t h e  1 / 8 -  i n c h  t u b i n g  and  s e r v e s  a s  t h e  g ro u n d  l e a d . )  T h is  
l / 8 - i n c h  t u b i n g  r u n s  t h r o u g h  an  o f f - c e n t e r e d  b u s h i n g  w h ic h
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i s  i n s i d e  a  p i e c e  o f  l / 2 - i n c h  s t a i n l e s s  s t e e l  t u b i n g .  T h i s  
same b u s h i n g  h a s  a  c e n t e r  h o l e  t h r o u g h  w h ic h  a n o t h e r  1 / 8 - i n c h  
s t a i n l e s s  s t e e l  t u b i n g  r u n s .  P ro b e  (2 )  i s  a t t a c h e d  t o  t h e  
end o f  t h i s  1 / 8 - i n c h  t u b i n g .  S i m i l a r  t o  P ro b e  ( 1 ) ,  one  o f  
t h e  n e e d l e s  i s  s o l d e r e d  t o  t h e  t u b i n g  w h ic h  s e r v e s  a s  t h e  
g ro u n d  l e a d ,  an d  t h e  l e a d  w i r e  f ro m  t h e  o t h e r  n e e d l e  i s  i n s i d e  
t h e  s m a l l  t u b i n g .  U n l i k e  P ro b e  ( 1 ) ,  P ro b e  (2 )  i s  n o t  s o l d e r e d  
t o  t h e  1 / 2 - i n c h  t u b i n g  b u t  i s  a b l e  t o  s l i d e  b a c k  and  f o r t h  
g u id e d  by t h e  b u s h i n g .  The l a r g e  l / 2 - i n c h  t u b i n g  i s  f a s t e n e d  
t o  p l a t e  B. (S e e  F i g u r e  9 . )  T h i s  p l a t e  i s  s u p p o r t e d  by f o u r  
r o d s ,  and  h a s  a  t h r e a d e d  h o l e  t h r o u g h  w h ic h  t h e  l a r g e  s c r e w  
r u n s .  T h i s  m a c h in e d  s c r e w  h a s  10 t h r e a d s  t o  t h e  i n c h .  When 
t h e  l a r g e  d i a l  a t t a c h e d  t o  t h e  end  o f  t h e  s c re w  i s  t u r n e d  
t h e  s c r e w  t u r n s  m oving  p l a t e ^ B j a n d  c o n s e q u e n t l y  t h e  two 
p r o b e s .  P r o b e  (2 )  a s  p r e v i o u s l y  s t a t e d  i s  n o t  f i x e d  t o  t h e  
l a r g e  t u b e  b u t  c a n  s l i d e  i n s i d e  i t .  T he  l / 8 - i n c h  t u b i n g  
w h ic h  P r o b e  (2 )  i s  a t t a c h e d  t o  i s  f a s t e n e d  t o  p l a t e  ( C ) .
T h i s  p l a t e  t r a v e l s  on f o u r  s m a l l  r o d s  w h ic h  a r e  s u b s e q u e n t l y  
a t t a c h e d  t o  p l a t e  ( B ) . A l s o ,  a  s m a l l  m ic r o m e te r  i s  f a s t e n e d  
t o  (C) an d  when t h i s  m ic r o m e te r  i s  t u r n e d  p l a t e  (C) moves 
w h ic h  i n  t u r n  moves P r o b e  (2 )  r e l a t i v e  t o  P ro b e  ( 1 ) .  T h u s ,  
t h e  tw o p r o b e s  c a n  b e  moved b a c k  and  f o r t h  a c r o s s  t h e  p i p e  
b y  t h e  l a r g e  t h r e a d e d  s c r e w ,  a n d  t h e  m ic r o m e te r  c a n  b e  u s e d  
t o  s e p a r a t e  t h e  two p r o b e s .
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T he two 1 / 8 - i n c h  p i e c e s  o f  t u b i n g  h a v e  a  90°  b end  
i n  them  w h ic h  p o s i t i o n s  t h e  t i p s  o f  t h e  n e e d l e s  a b o u t  4 
i n c h e s  u p s t r e a m  fro m  t h e  1 / 2 - i n c h  t u b i n g .  T h i s  1 / 2 - i n c h  
t u b e  e n t e r s  t h e  p i p e  5 i n c h e s  f ro m  t h e  e n d ;  t h e r e f o r e , t h e  
a c t u a l  m e a s u r in g  p o i n t  i s  9 i n c h e s  f ro m  t h e  end  o f  t h e  p i p e .
T he w i r e s  u s e d  i n  t h i s  p r o j e c t  w e re  t u n g s t e n  w i r e s  
w i t h  a  d i a m e t e r  o f  0 .0 0 0 1 4  i n c h e s .  T h e s e  w i r e s  w e re  o b ­
t a i n e d  f ro m  t h e  Sigmund Cohn C o r p o r a t i o n ,  Mount V e rn o n ,
New Y o rk .  S in c e  s o l d e r  w i l l  n o t  w e t  t u n g s t e n  t h e s e  w i r e s  
h a d  t o  b e  e l e c t r o p l a t e d  w i t h  c o p p e r .  The e l e c t r o p l a t e d  
w i r e s  w e r e  s o l d e r e d  a c r o s s  t h e  t i p s  o f  t h e  n e e d l e s ,  and  
t h e n  t h e  w i r e s  w e r e  e t c h e d  w i t h  n i t r i c  a c i d  u n t i l  t h e  d e ­
s i r e d  a c t i v e  l e n g t h  was a t t a i n e d .
I n  o r d e r  t o  d e t e r m i n e  t h e  e x a c t  p o s i t i o n  o f  t h e  
p r o b e s  i n  t h e  p i p e  a  " t a r g e t "  was c o n s t r u c t e d .  A c y l i n d r i ­
c a l  p i e c e  o f  b r a s s  was m a c h in e d  on a  l a t h e  so  t h a t  i t s  
d i a m e t e r  was t h e  sam e a s  t h e  i n s i d e  d i a m e t e r  o f  t h e  5 - i n c h  
p i p e .  T he  c e n t e r  p o i n t  w as m arked  on  t h e  c y l i n d r i c a l  t a r g e t ,  
and  s e m i c i r c l e s  s p a c e d  a t  .0 5  i n c h e s  w e r e  i n s c r i b e d  on  t h e  
t a r g e t .  The p r o b e s  w e re  m o u n te d  on  t h e  c u ta w a y  s e c t i o n  o f  
p i p e  and  t h e  t a r g e t  was f i t t e d  i n t o  t h i s  c u ta w a y  s e c t i o n  
d i r e c t l y  i n  f r o n t  o f  t h e  p r o b e  n e e d l e s .  (S e e  F i g u r e  1 0 ) .  
V i s u a l l y  t h e  f i x e d  p r o b e ,  P r o b e  ( 1 ) ,  w as p o s i t i o n e d  w i t h  
i t s  n e e d l e s  a t  t h e  c e n t e r  o f  t h e  t a r g e t  and  t h i s  p o s i t i o n
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was m ark ed  on  o n e  o f  t h e  f o u r  l a r g e  r o d s .  O th e r  p r o b e  
p o s i t i o n s  w e re  a l s o  i n s c r i b e d  on t h e  ro d  f o r  c o n v e n i e n c e .
To e l i m i n a t e  t h e  p o s s i b i l i t y  o f  s t r a y  s i g n a l s  ( n o i s e )  
b e i n g  p i c k e d  up  by t h e  two l e a d  w i r e s  from  t h e  two p r o b e s ,  
t h e  e x p o se d  s e c t i o n s  o f  t h e  two w i r e s  w e re  w ra p p e d  w i t h  a  
c o p p e r  i n s u l a t i n g  c a b l e .  As m e n t io n e d  a b o v e  o n e  o f  t h e  
n e e d l e s  on e a c h  p r o b e  s e r v e d  a s  a  g r o u n d .  T h e s e  n e e d l e s  
a r e  g ro u n d e d  t o  t h e  t r a v e r s i n g  d e v i c e ,  an d  t h e  t r a v e r s i n g  
d e v i c e  i s  g ro u n d e d  t o  t h e  H ot W ire  I n s t r u m e n t  t h r o u g h  a n  
i n s u l a t e d  c a b l e .
4 .  A u x i l i a r y  E q u ip m en t
I n  o r d e r  t o  c a l i b r a t e  t h e  w i r e s  f o r  m e a s u r in g  t h e  
mean v e l o c i t y ,  a  p r i m a r y  s t a n d a r d  v a l u e  o f  t h e  v e l o c i t y  h a d  
t o  b e  d e t e r m i n e d .  T h i s  s t a n d a r d  v a l u e  was o b t a i n e d  w i t h  a  
T ype  M-168 p i t o t  t u b e  m a n u f a c tu r e d  by  t h e  M eriam  I n s t r u m e n t  
Company. A c u s to m  m ade i n c l i n e d  d r a f t  g a g e  w as u s e d  f o r  t h e  
m a n o m e te r .  T h i s  g a g e  c o u ld  b e  i n c l i n e d  t o  0 . 1  i n c h  p e r  f o o t .
A r e d  o i l  ( p  «  .7 9 3  @ 8 0 °F )  w as u s e d  a s  t h e  m an o m ete r  f l u i d .
As a  v i s u a l  g u i d e  and  a i d ,  a n  E ic o  M odel 470 o s c i l l o ­
s c o p e  was u s e d .
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EXPERIMENTAL STUDIES AND RESULTS
1. E x p e r i m e n t a l  M e a su re m e n ts
T he m a c r o s c a l e  and  m i c r o s c a l e  o f  t u r b u l e n c e  w e re  
o b t a i n e d  a t  c e n t e r  l i n e  v e l o c i t i e s  o f  100, 7 0 ,  50 , 2 0 ,
1 0 , 5 ,  an d  2 f e e t  p e r  s e c o n d .  I n  o r d e r  t o  d e t e r m i n e  t h e  
m a c r o s c a l e  o f  t u r b u l e n c e  a t  a  c e r t a i n  p o s i t i o n  i n  a c r o s s  
s e c t i o n  o f  t h e  p i p e ,  P ro b e  (1 )  was f i x e d  a t  t h i s  p o s i t i o n  
an d  P r o b e  (2 )  was moved away from  P ro b e  ( 1 ) .  S in c e  i t  i s  
d e s i r a b l e  t o  know t h e  c u r v a t u r e  o f  t h e  By c u r v e  a t  y  = 0 ,  
t h e  two p r o b e s  w e re  b r o u g h t  a s  c l o s e  t o g e t h e r  a s  p o s s i b l e .  
T h i s  minimum d i s t a n c e  was m e a s u re d  w i t h  a  m ic r o s c o p e  and  
fo u n d  t o  b e  0 .0 3 5  i n c h e s .  S e v e r a l  m e a s u re m e n ts  w e re  made 
w i t h  s m a l l  i n t e r v a l s  o f  p r o b e  s e p a r a t i o n  when t h e  p r o b e s  
w e re  c l o s e  t o g e t h e r .  When y  was 0 .1 0  i n c h  t h e  i n t e r v a l s  
w e r e  i n c r e a s e d .  T h i s  p r o c e d u r e  g a v e  s e v e r a l  v a l u e s  o f  By 
when y  w as s m a l l  t h e r e b y  e s t a b l i s h i n g  t h e  c u r v a t u r e  o f  t h e  
Ry c u r v e  a t  y  = 0 .
As m e n t io n e d  ab o v e  P ro b e  (1 )  was f i x e d  and P r o b e  (2) 
was t h e  v a r i a b l e  p r o b e .  H ow ever, some m e a su re m e n ts  w e re  
made w i t h  P ro b e  (2 )  f i x e d  a n d  P ro b e  (1 )  v a r i a b l e .  T h i s  was
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done t o  c h e c k  f o r  sym m etry  o f  t h e  Ry v e r s u s  y  c u r v e .
I n  o r d e r  t o  o b t a i n  a  v a l u e  o f  Ry f o u r  m e a s u re m e n ts  
a r e  r e q u i r e d  a t  e a c h  p o s i t i o n  o f  t h e  p r o b e s .  T h e se  a r e :
(1 )  The rms v a l u e  o f  t h e  a d d e d  s i g n a l s  f ro m  t h e  two h o t  
w i r e s :  (2 )  t h e  rms v a l u e  o f  t h e  d i f f e r e n c e  i n  t h e  c u r r e n t s  
o f  t h e  two h o t  w i r e s ;  (3 )  t h e  rms v a l u e  o f  t h e  s i g n a l  from  
P ro b e  ( 1 ) ;  and  (4 )  t h e  rm s v a l u e  o f  t h e  s i g n a l  from  P r o b e  ( 2 ) .  
T h e se  l a s t  two v a l u e s  a r e  t h e  i n t e n s i t y  o f  t u r b u l e n c e  when 
m u l t i p l i e d  b y  t h e  a p p r o p r i a t e  c a l i b r a t i o n  c o n s t a n t .  The 
m e a s u re m e n ts  r e q u i r e d  t o  e v a l u a t e  t h e  m i c r o s c a l e  o f  t u r b u ­
l e n c e  a r e :  (1 )  T he mean v e l o c i t y ;  (2 )  t h e  rm s v a l u e  o f  t h e  
s i g n a l  f ro m  t h e  h o t  w i r e ;  and  (3 )  t h e  rms v a l u e  o f  t h e  s i g n a l  
f rom  t h e  h o t  w i r e  d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  t i m e .  The 
r e s u l t s  f rom  t h e s e  m e a s u re m e n ts  a r e  t a b u l a t e d  i n  A p p e n d ix  A.
F o r  t h e  n o m e n c la t u r e  u s e d  i n  d e s c r i b i n g  p r o b e  p o s i t i o n  i n  
t h e  p i p e  r e f e r  t o  F i g u r e  11 .
2. C o r r e l a t i o n  C u rv e s
I n  o r d e r  t o  d e t e r m i n e  t h e  m a c r o s c a l e  o f  t u r b u l e n c e  
v a l u e s  o f  Ry h a d  t o  b e  m e a s u re d  a t  s e v e r a l  d i f f e r e n t  p r o b e  
s e p a r a t i o n s .  Some t y p i c a l  Ry c u r v e s  a r e  shown i n  F i g u r e s  
12 an d  13 . A c o m p le te  s e t  o f  t h e  c o r r e l a t i o n  c u r v e s  i s  
g i v e n  i n  A p p e n d ix  B. T he  s h a p e  o f  t h e s e  c u r v e s  a g r e e  w i t h  
t h e  t h e o r e t i c a l  p r e d i c t i o n s .  The v a l u e  o f  Ry a p p r o a c h e s
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•  C i r c l e  r e p r e s e n t s  c r o s s  s e c t i o n  o f  p i p e
•  D i r e c t i o n  o f  f lo w  i s  o u t  o f  t h e  p a p e r
•  r  r e p r e s e n t s  d i s t a n c e  from  c e n t e r
•  r  i s  p o s i t i v e  i n  t h e  d i r e c t i o n  to w a rd s
t h e  t r a v e r s i n g  d e v i c e
•  P r o b e  (1 )  i s  p r o b e  n e a r e s t  t r a v e r s i n g  d e v i c e
•  P r o b e  (2 )  i s  a lw a y s  t o  t h e  r i g h t  o f  P ro b e  ( 1 ) .
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u n i t y  a s  y  a p p r o a c h e s  z e r o ;  and  a s  t h e  d i s t a n c e  o f  p r o b e  
s e p a r a t i o n  i n c r e a s e s ,  t h e  v a l u e  o f  Ry f o l l o w s  a  sm o o th  
c u r v e  an d  g o e s  t o  z e r o  a t  some f i n i t e  v a l u e  o f  y .  A l s o ,  
a s  T a y l o r  p r e d i c t e d  f o r  t h e  c a s e  o f  p i p e  f lo w ,  Ry becom es 
n e g a t i v e .  R e f e r  t o  F i g u r e  1 2 , w h ic h  shows c u r v e s  o b t a i n e d  
a t  t h e  c e n t e r  o f  t h e  p i p e  and  a t  t h e  w a l l  f o r  a  c e n t e r  l i n e  
v e l o c i t y  o f  70 f e e t  p e r  s e c o n d .  I t  i s  e v i d e n t  t h a t  t h e  
r a d i u s  o f  t h e  c u r v e  a t  y  = 0 i s  much l a r g e r  a t  t h e  c e n t e r  
l i n e  t h a n  n e a r  t h e  w a l l .  T a y l o r 23 h a s  n o t e d  t h a t  i f  t h e  
R e y n o ld s '  s t r e s s e s  i n  g e o m e t r i c a l l y  s i m i l a r  f i e l d s  o f  f l o w ,  
s u c h  a s  f lo w  i n  p i p e s ,  a r e  p r o p o r t i o n a l  t o  u 2 o r  u ' a , t h e n  
t h e  r a t e  o f  d i s s i p a t i o n ,  E , i s  p r o p o r t i o n a l  t o  u ' 3 . T h e r e ­
f o r e ,  a c c o r d i n g  t o  e q u a t i o n  ( 1 1 - 3 2 ) ,  X i s  p r o p o r t i o n a l  t o  
f J \   ̂f  ̂ 2
( u  ) , and  s i n c e  X i s  p r o p o r t i o n a l  t o  t h e  c u r v a t u r e
o f  t h e  Ry c u r v e  a t  y  = 0 ,  i t  c a n  b e  c o n c lu d e d  t h a t  t h e  c u r ­
v a t u r e  o f  t h e  c o r r e l a t i o n  c u r v e  w i l l  b e  p r o p o r t i o n a l  t o  l / u ' .
I n  o t h e r  w o rd s  f o r  v e r y  h i g h  v a l u e s  o f  u '  i t  m ig h t  b e  e x ­
p e c t e d  t h a t  t h e  c o r r e l a t i o n  c u r v e  w i l l  h a v e  a  p o i n t e d  t o p  
a t  y  = 0 .  B r o o k s h i r e 3 fo u n d  t h a t  t h e  i n t e n s i t y  o f  t u r b u l e n c e  
i n c r e a s e d  s t e a d i l y  from  t h e  c e n t e r  o f  t h e  p i p e  t o  a  p o i n t  
c l o s e  t o  t h e  w a l l ,  w h e re  i t  q u i c k l y  r o s e  t o  a  maximum t h e n  
f e l l  to w a rd s  z e r o  a s  t h e  w a l l  was f u r t h e r  a p p r o a c h e d .  T he 
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p o i n t  f o r  t h e  Ry c u r v e  n e a r  t h e  w a l l  i n  F i g u r e  12 w as 2 .4 9  
i n c h e s  f ro m  t h e  c e n t e r ,  an d  t h e  v a l u e s  o f  u r w e re  s t i l l  i n ­
c r e a s i n g  w i t h  i n c r e a s i n g  v a l u e s  o f  r ;  i n  o t h e r  w o rd s  t h e  
p o i n t  w h e r e  u* b e g i n s  t o  d e c r e a s e  had  n o t  b e e n  r e a c h e d .  
T h e r e f o r e ,  s i n c e  t h e  Ry c u r v e s  do t e n d  t o  h a v e  a  p o i n t e d  
t o p  a s  t h e  i n t e n s i t y  o f  t u r b u l e n c e  i n c r e a s e  T a y l o r ' s  r e a ­
s o n in g  i s  v e r i f i e d .
3 . M a c r o s c a le  o f  T u r b u le n c e
T he  l a t e r a l  m a c r o s c a l e  o f  t u r b u l e n c e  c a n  b e  c a l c u l a t e d  
( p r o v i d e d  t h a t  Ry i s  known a s  a  f u n c t i o n  o f  y )  w i t h  t h e  u s e  
o f  f o r m u la  ( 1 1 - 1 3 ) ,  nam ely
h  = /Dy Ry ** (11-13)
T he  p r o c e d u r e  f o l lo w e d  i n  t h i s  p r o j e c t  w as t o  o b t a i n  e x p e r i ­
m e n t a l  v a l u e s  o f  Ry and  p l o t  t h e s e  v a l u e s  v e r s u s  y .  W ith  
t h e  a i d  o f  a  d i g i t a l  c o m p u te r  n u m e r i c a l  i n t e g r a t i o n s  o f  
t h e s e  c u r v e s  w e re  o b t a i n e d .
I t  i s  o b v io u s  t h a t  t h e  a r e a  u n d e r  t h e  c u r v e  a t  r  = 0 
i s  g r e a t e r  t h a n  t h e  a r e a  u n d e r  t h e  c u r v e  a t  r  = 2 .4 9  i n  
F i g u r e  12 . I n  o r d e r  t o  e s t a b l i s h  t h e  r e l a t i o n s h i p  b e tw e e n  
Ly and  p o s i t i o n  i n  t h e  p i p e  s e v e r a l  v a l u e s  o f  Ry w e r e  o b t a i n e d  
a t  d i f f e r e n t  v a l u e s  o f  r  f o r  t h e  s e v e n  v e l o c i t i e s  i n v e s t i g a t e d .  
The r e s u l t s  o f  t h e s e  m e a s u re m e n ts  a r e  t a b u l a t e d  i n  T a b l e s  I
TABLE I  
SCALE OF TURBULENCE 
H ig h  V e l o c i t y
Umax
( f p s )
F i x e d
P ro b e
P o s i t i o n
u*
( f p s )
Ly
( i n )
Xy
( i n )
*x
( i n )
F i g u r e
No.
r i  = 0 9 9 .3 .3 9 2 .3 3 7 .1 1 3 23
r i  = 1 .0 9 5 .3 .3 9 2 .1 2 2 .157 24
r i  = 2 . 0 8 2 .4 .3 8 8 .1 1 2 .1 3 4 25
100 r i  = 2 .4 8 5 4 8 .7 .1 9 1 .0 6 6 .0 5 9 26
r 2 = 0 9 8 .0 .3 1 0 .1 8 3 .1 4 5 27
r 2 = 1 .0 9 3 .1 .507 .3 5 1 .1 8 6 28
r 2 = 1 .5 8 7 .2 .4 7 6 .4 5 0 .2 0 4 29
r x  = 0 6 9 ,5 .2 8 9 .1 6 3 .1 4 4 30
r i  = 0 . 5 68*5 .3 2 1 .1 5 3 .1 7 0 31
r i  = 1 .0 6 6 .5 .3 4 4 .1 8 2 .1 7 6 32
70 r x  = 1 .5 6 1 .5 .4 1 9 .1 4 7 .1 8 4 33
rx  = 2 .0 5 4 .6 .3 9 9 .1 2 1 .1 6 2 34
r x  = 2 .4 9 3 1 .8 .2 2 8 .0 7 9 .0 7 1 35
rx  = 0 4 9 .7 .2 9 0 .1 8 7 .0 8 4 36
rx  = 1 .0 4 7 .7 .3 9 2 .1 8 3 .1 1 9 37
r x  = 2 .0 3 8 .7 .4 4 2 .2 6 4 .1 3 1 38
rx  = 2 .0 3 3 .5 .4 2 0 .1 9 7 .1 1 3 39
50 r x = 2 .2 3 2 .5 .3 6 8 .1 2 7 .1 1 7 40
r x  = 2 . 4 2 8 .5 .2 9 8 .1 1 7 .0 9 7 41
r x  = 2 .4 9 2 2 .8 .2 6 4 .0 8 1 .0 7 4 42
r 2 = 0 4 9 .2 .298 .2 8 2 .0 8 1 43
r 2 = 1 .0 4 2 .3 .4 0 0 .1 4 6 .1 0 8 44
r a = 1 .5 3 8 .4 .3 9 6 .1 6 2 .1 1 7 45
rx  & r 2 4 9 .7 .2 6 7 .1 4 6 .0 8 8 46
v a r i a b l e
*  Mean v e l o c i t y  a t  p o i n t  o f  f i x e d  p r o b e .
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TABLE II
SCALE OF TURBULENCE 
Low V e l o c i t y
Umax F ix e d i f Ly
>
y F i g u r e
( f p s ) P ro b e ( f p s ) ( i n ) ( i n ) No.
P o s i t i o n
*■{ H II o 1 9 .9 .2 8 2 .2 8 2 47
r  i  = .5 0 1 9 .9 .3 1 1 .4 0 0 48
20 r i  = 1 .0 1 8 .9 .3 7 4 .3 5 2 49
r x = 1 .5 1 6 .9 .4 0 9 .2 2 4 50
r x  = 2 .0 1 5 .9 .3 5 8 .1 9 8 51
r i  = 2 ,4 9 7 .9 .1 3 0 .0 6 8 52
r x = 0 9 .9 3 .3 1 3 .4 0 53
r i  = 1 .0 9 ,4 3 .3 6 7 .4 0 54
10 r i  = 2 .0 8 .2 5 .3 2 0 .3 4 0 55
r x = 2 .4 9 0 2 .9 8 .1 2 3 .0 7 8 56
n  = 0 4 .8 6 .3 1 2 .1 4 9 57
r x = 1 .0 4 .1 7 .3 4 8 .1 3 4 58
r x = 2 .0 3 .1 2 .2 9 9 .1 3 0 59
5 r x = 2 .4 9 0 'V.Q .1 0 7 .1 3 0 60
r 2 = 0 4 .9 2 .3 7 0 .3 5 4 61
r 2 = 1 .0 4 .6 9 .3 4 4 .1 5 8 62
r 2 = 1 .5 4 .4 6 .3 2 4 .2 2 4 63
r x  = 0 2 .0 .3 9 8 .2 8 3 64
r 2 = 0 2 .0 .3 5 8 .4 0 0 69
r x  = 1 .0 1 .7 8 .4 0 8 .4 0 0 65
r 2 = 1 .0 1 .6 6 .3 7 8 .4 0 0 70
2 r x  = 1 .5 0 1 .3 3 .4 2 4 .1 2 0 66
r 2 = 1 .5 0 1 .3 3 .2 7 6 .1 4 2 71
r x  = 2 .0 1 .1 1 .2 8 4 .0 7 8 67
r x  = 2 .4 9 ■\jQ .0 7 4 .0 6 2 68
* Mean v e l o c i t y  a t  p o i n t  o f  f i x e d  p r o b e
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a n d  XI. T he  L y 's  a r e  p l o t t e d  v e r s u s  p i p e  p o s i t i o n  f o r  t h e  
d i f f e r e n t  c e n t e r  l i n e  v e l o c i t i e s .  (S e e  F i g u r e s  14 , 15 , and 
1 6 . )
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  a l l  o f  t h e  s e v e n  
f lo w  r a t e s  t h e  g e n e r a l  s h a p e  o f  t h e  Ly v e r s u s  r  c u r v e  i s  t h e  
sam e. I n  g e n e r a l ,  t h e  v a l u e  o f  l y  i n c r e a s e s  w i t h  i n c r e a s i n g  
d i s t a n c e  f ro m  t h e  c e n t e r  u n t i l  a  maximum v a l u e  i s  r e a c h e d ,  
t h e n  Ly b e g i n s  t o  d e c r e a s e  w i t h  i n c r e a s i n g  r a t e  a s  t h e  w a l l  
i s  a p p r o a c h e d ;  h o w e v e r ,  t h e r e  a r e  some d i f f e r e n c e s  i n  t h e s e  
c u r v e s  w h ic h  a r e  s i g n i f i c a n t .  U n f o r t u n a t e l y ,  t h e  c l o s e s t  
d i s t a n c e  t o  t h e  w a l l  t h a t  c o u ld  b e  o b t a i n e d  was a b o u t  .0 3 0  
o f  a n  i n c h .  I n  g e n e r a l ,  Ly v a l u e s  w e re  o b t a i n e d  a t  r  = 0 ,  
r  = 1 . 0 ,  r  = 2 . 0 ,  a n d  r  = 2 .4 9  i n c h e s .  H ow ever, a t  c e n t e r  
l i n e  v e l o c i t i e s  o f  70 and  20 f e e t  p e r  s e c o n d  a d d i t i o n a l  v a l u e s  
o f  Ly w e re  o b t a i n e d  a t  r  = 0 . 5  an d  r  = 1 .5  i n c h e s .  S in c e  
t h e r e  was a  f a i r l y  s h a r p  d e c r e a s e  i n  Ly a t  r  = 2 .4 9  com pared  
t o  Ly a t  r  = 2 . 0 ,  a d d i t i o n a l  v a u e s  o f  Ly w e re  o b t a i n e d  f o r  
a  c e n t e r  l i n e  v e l o c i t y  o f  50 f e e t  p e r  s e c o n d  a t  r  = 2 ,4 2  
a n d  r  = 2 .4 4  i n c h e s  i n  o r d e r  t o  c l a r i f y  t h e  m an n e r  i n  w h ic h  
L y  d e c r e a s e d  a s  t h e  w a l l  w as a p p r o a c h e d .  From F i g u r e  14 i t  
c a n  b e  s e e n  t h a t  t h i s  d e c r e a s e  i n  Ly f o l l o w s  a  sm oo th  c u r v e .
I n  h i s  i n v e s t i g a t i o n  o f  t u r b u l e n t  f lo w  i n  a  1 0 - i n c h  
d i a m e t e r  p i p e ,  L a u f e r 14 fo u n d  t h a t  t h e  p i p e  c o u ld  b e  d i v i d e d
i n t o  t h r e e  r e g i o n s .  Each r e g i o n  e x h i b i t i n g  d i f f e r e n t  b e ­
h a v i o r  f ro m  t h e  p o i n t  o f  v ie w  o f  t u r b u l e n c e  s t r u c t u r e .
T h e s e  t h r e e  r e g i o n s  w ere  d e s i g n a t e d  a s  t h e  c e n t r a l  r e g i o n ,  
t h e  w a l l  p r o x i m i t y ,  and t h e  i n t e r m e d i a t e  r e g i o n  i n  b e tw e e n  
t h e  o t h e r  tw o . L a u f e r  fo u n d  t h a t  t h e  v a r i o u s  e n e r g y  r a t e s ,  
t u r b u l e n c e  p r o d u c t i o n ,  d i f f u s i o n ,  and  v i s c o u s  a c t i o n ,  a r e  
a l l  o f  e q u a l  i m p o r t a n c e  i n  t h e  w a l l  p r o x i m i t y .  A l s o ,  t h e i r  
m a g n i tu d e s  a r e  much l a r g e r  i n  t h i s  r e g i o n  t h a n  t h o s e  i n  t h e  
o t h e r  r e g i o n s .  I n  t h e  c e n t r a l  r e g i o n  t h e  e n e rg y  d i f f u s i o n  
i s  p r e d o m i n a n t .  L a u f e r  c o n c lu d e d  t h a t  i n  t h e  i n t e r m e d i a t e  
r e g i o n  t h e  r a t e  o f  e n e rg y  d i f f u s i o n  i s  much s m a l l e r  t h a n  
t h a t  o f  p r o d u c t i o n  o r  d i s s i p a t i o n ,  w h ic h  m eans t h a t  m o s t  o f  
t h e  e n e r g y  p r o d u c e d  h e r e  i s  d i s s i p a t e d  l o c a l l y .  T h e se  o b s e r ­
v a t i o n s  s h o u ld  p r o j e c t  some e n l i g h t m e n t  on t h e  d i s t r i b u t i o n  
o f  t h e  s c a l e  o f  t u r b u l e n c e .
T he d i s t r i b u t i o n s  o f  t h e  l a t e r a l  m a c r o s c a l e  o f  t u r ­
b u l e n c e  f o r  t h e  c e n t e r  l i n e  v e l o c i t i e s  o f  100 , 70 and  50 
f e e t  p e r  se c o n d  a r e  shown i n  F i g u r e  14 . T h is  c o r r e s p o n d s  
t o  a R e y n o ld s  num ber  r a n g e  o f  1 0 0 ,0 0 0  t o  2 0 0 ,0 0 0 ,  and  f o r  
t h i s  t w o - f o l d  c h a n g e  i n  R e y n o ld s  num ber t h e r e  i s  a  g e n e r a l  
i n d i c a t i o n  t h a t  Ly i s  i n d e p e n d e n t  o f  f lo w  r a t e .  The 100 and 
70 f o o t  p e r  s e c o n d  c u r v e s  a r e  a lm o s t  i d e n t i c a l .  The 50 f o o t  
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w h ic h  o c c u r s  a  l i t t l e  n e a r e r  t h e  w a l l .  I t  i s  g e n e r a l l y  r e ­
g a r d e d  t h a t  a t  a ro u n d  a  R e y n o ld s  num ber o f  1 0 0 ,0 0 0  t h a t  t h e  
t u r b u l e n c e  i s  f u l l y  d e v e lo p e d  a c r o s s  t h e  p i p e  and  fro m  t h i s  
f lo w  r a t e  on  u p  t h e r e  i s  l i t t l e  c h a n g e  i n  t h e  mean v e l o c i t y  
p r o f i l e  and  i n  t h e  t u r b u l e n t  q u a n t i t i e s  w i t h  i n c r e a s i n g  
v e l o c i t y .  Of c o u r s e ,  t h i s  i s  n o t  t r u e  when c o m p r e s s i b i l i t y  
b ecom es  a  f a c t o r  o r  when t h e  v e l o c i t y  o f  sound  i s  a p p ro a c h e d .  
B r o o k s h i r e ' s3  m e a s u re m e n ts  o f  i n t e n s i t y  i n d i c a t e  t h a t  t h e  
e f f e c t  o f  R e y n o ld s  num ber f rom  Re = 1 0 0 ,0 0 0  t o  Re = 2 0 0 ,0 0 0  
on  t h e  d i s t r i b u t i o n  o f  r e l a t i v e  i n t e n s i t y  i s  s l i g h t ,  i f  i t  
e x i s t s  a t  a l l .
F i g u r e  15 show s t h e  d i s t r i b u t i o n  o f  t h e  s c a l e  f o r  t h e  
medium v e l o c i t i e s ,  5 0 ,  20 a n d  10 f e e t  p e r  s e c o n d .  T h i s  i s  
a  R e y n o ld s  num ber r a n g e  o f  2 0 ,0 0 0  t o  1 0 0 ,0 0 0 .  The s c a l e  o f  
t u r b u l e n c e  a t  t h e  c e n t e r  o f  t h e  p i p e  i s  e s s e n t i a l l y  t h e  same 
f o r  t h e s e  t h r e e  v e l o c i t i e s .  I n  e a c h  c a s e  t h e  s c a l e  r i s e s  
f ro m  t h e  c e n t e r  w i t h  a p p r o x i m a t e l y  t h e  same c u r v e .  H ow ever, 
f o r  t h e  lo w e r  R e y n o ld s  n u m b e rs ,  t h e  maximum o c c u r s  a t  a  
lo w e r  r a d i u s  and  c o n s e q u e n t l y  h a s  a  lo w e r  v a l u e .
The d i s t r i b u t i o n s  o f  t h e  m a c r o s c a l e  f o r  t h e  low  v e l o ­
c i t i e s  (1 0 ,  5 ,  and  2 f e e t  p e r  s e c o n d )  a r e  p r e s e n t e d  i n  F i g u r e  
16 . T h e s e  low  v e l o c i t i e s  c o v e r  a  R e y n o ld s  num ber r a n g e  o f  
2 ,9 0 0  t o  2 0 ,0 0 0 .  T he d i s t r i b u t i o n  a t  Re = 2 0 ,8 0 0  i s  s i m i l a r
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t o  t h a t  a t  Re = 8 ,8 0 0 ,  b u t  t h e  5 f e e t  p e r  s e c o n d  c u r v e  
r i s e s  m o re  s lo w ly  from  t h e  c e n t e r .  The d i s t r i b u t i o n  f o r  t h e  
v e l o c i t y  o f  2 f e e t  p e r  s e c o n d  i s  way a b o v e  t h a t  f o r  t h e  5 
and  10 f e e t  p e r  s e c o n d  e x c e p t  n e a r  t h e  w a l l  r e g i o n .
From  t h e  c e n t e r  o f  t h e  p i p e  w h e re  d i f f u s i o n  i s  p r e ­
d o m in a te  t h e  s c a l e  o f  t u r b u l e n c e  i n c r e a s e s  u n t i l  t h e  i n t e r ­
m e d i a t e  r e g i o n  i s  r e a c h e d .  I n  t h i s  r e g i o n  t h e  r a t e  o f  e n e rg y  
p r o d u c t i o n  becom es p r o m in e n t .  T h i s  i n c r e a s e  i n  s c a l e  w i t h  
d i s t a n c e  c a n  b e  a t t r i b u t e d  t o  t h e  i n c r e a s e  i n  t h e  e n e r g y  
p r o d u c t i o n .  But a s  t h e  w a l l  i s  a p p r o a c h e d  t h e  v i s c o u s  e f ­
f e c t s  t e n d  t o  b r e a k  t h e  s w i r l s  o f  f l u i d  i n t o  s m a l l e r  s w i r l s .  
T h is  v i s c o u s  a c t i o n  i n c r e a s e s  r a p i d l y  i n  t h e  w a l l  r e g i o n  
w h ic h  a c c o u n t s  f o r  t h e  r a t h e r  s h a r p  d e c r e a s e  i n  t h e  s c a l e  
o f  t u r b u l e n c e .  From t h i s  a n a l y s i s  i t  a p p e a r s  t h a t  t h e  r e ­
g i o n  o f  maximum s c a l e  i s  w h e re  t h e  t u r b u l e n c e  i s  p r i m a r i l y  
g e n e r a t e d .  T h is  t u r b u l e n c e  i s  t h e n  d i f f u s e d  i n t o  t h e  c e n ­
t r a l  r e g i o n  o f  t h e  p i p e .  As i n d i c a t e d  b y  L a u f e r 1* , some o f  
t h i s  t u r b u l e n c e  g e n e r a t e d  i n  t h i s  i n t e r m e d i a t e  r e g i o n  i s  
l o c a l l y  d i s s i p a t e d  and  t h e  t u r b u l e n c e  w h ic h  i s  d i f f u s e d  i n t o  
t h e  w a l l  r e g i o n  i s  b ro k e n  down b y  t h e  v i s c o u s  a c t i o n  a t  t h e  
w a l l .
As t h e  R e y n o ld s  num ber i s  d e c r e a s e d  from  t h e  f u l l y
d e v e lo p e d  d i s t r i b u t i o n  o f  t u r b u l e n c e  (Re = 1 0 0 ,0 0 0 )  t h e  
r e g i o n  o f  maximum s c a l e  (w h e re  t h e  t u r b u l e n c e  i s  g e n e r a t e d )
moves to w a rd  t h e  c e n t e r  o f  t h e  p i p e .  H ow ever, t h e  m a g n i tu d e  
o f  t h e  s c a l e  a t  t h e  c e n t e r  o f  t h e  p i p e  i s  a b o u t  t h e  same 
down t o  R e y n o ld s  num b ers  o f  a b o u t  1 0 ,0 0 0 .  (S e e  F i g u r e  1 7 . )
T he  r i s e  i n  t h e  d i s t r i b u t i o n  c u r v e s  from  t h e  p i p e  c e n t e r  i s  
n o t  a s  g r e a t  f o r  t h e  low v e l o c i t i e s  a s  i t  i s  f o r  t h e  h i g h  
v e l o c i t i e s .  At t h e  lo w e r  R e y n o ld s  num b ers  ( j u s t  a b o v e  t r a n ­
s i t i o n )  t h e  t u r b u l e n c e  h a s  l a r g e r  s c a l e  a s  m ig h t  b e  e x p e c te d  
fro m  i d e a s  on o r i g i n  o f  t u r b u l e n c e .
L a u f e r 13 o b t a i n e d  some v a l u e s  o f  Ly a t  d i f f e r e n t
c h a n n e l  p o s i t i o n s  i n  a  two d i m e n s i o n a l  c h a n n e l .  H is  c h a n n e l
w as 5 i n c h e s  w id e  an d  60 i n c h e s  t a l l .  The 5 - i n c h  w i d t h  was
d i r e c t e d  a lo n g  t h e  y a x i s .  A summary o f  L a u f e r ' s  r e s u l t s
i s  g i v e n  i n  F i g u r e  18. He made e x p e r i m e n t a l  m e a su re m e n ts
a t  t h r e e  d i f f e r e n t  R e y n o ld s  n u m b e rs .  H is  R e y n o ld s  n um bers
w e re  b a s e d  on t h e  h a l f  w i d t h  o f  t h e  c h a n n e l  and  t h e  maximum
v e l o c i t y .  The sam e t r e n d  i n  t h e  d i s t r i b u t i o n  o f  t h e  l a t e r a l
m a c r o s c a l e  o f  t u r b u l e n c e  a s  n o t e d  f o r  t h e  p i p e  i s  somewhat
e v i d e n t ;  h o w e v e r ,  t h e  r e s u l t s  a r e  n o t  c o n c l u s i v e  an d  t h e r e
may b e  some d o u b t  a s  t o  w h e t h e r  t h e  c u r v e s  a c t u a l l y  go t h r o u g h
a  maximum. I n  f a c t ,  L a u f e r  was i n c l i n e d  t o  b e l i e v e  t h a t  t h e r e
w as n o t  a n y  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  v a l u e  o f  Ly I n  t h e
r e g i o n  o f  0 < r  < 2 .2 5  i n c h e s .  H ow ever, h e  n o t e d  t h a t  t h e
v a l u e s  o f  Ly h a d  a  t e n d e n c y  t o  d e c r e a s e  a s  t h e  w a l l  was a p ­
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o f  Ly c l o s e r  t h a n  0 .2 5  i n c h e s  f ro m  t h e  c h a n n e l  w a l l .  L a u f e r  
m e n t io n e d  t h a t  some o f  t h e  Ly v a l u e s  w e re  n o t  v e r y  r e l i a b l e  
d u e  t o  t h e  f a c t  t h a t  i t  w as n o t  p o s s i b l e  t o  m e a s u r e  t h e  c o r ­
r e l a t i o n  c o e f f i c i e n t  Fy a t  l a r g e  v a l u e s  o f  y .  I n  t h i s  i n ­
v e s t i g a t i o n  t h i s  a l s o  w as a  p ro b le m  b e c a u s e  f o r  some 
c o r r e l a t i o n  c u r v e s  Ry h a d  n o t  r e a c h e d  z e r o  a t  t h e  p o i n t  o f  
maximum p r o b e  s e p a r a t i o n ,  w h ic h  w as 1 .0  i n c h e s ,  and  i n  o r d e r  
t o  o b t a i n  Ly t h e  c u r v e s  h a d  t o  b e  e x t r a p o l a t e d .  I t  s h o u ld  
b e  p o i n t e d  o u t  t h a t  t h i s  w as n o t  t r u e  f o r  e v e r y  c o r r e l a t i o n  
c u r v e  and  t h a t  Ry w en t t o  z e r o  w e l l  w i t h i n  t h e  l i m i t s  o f  t h e  
t r a v e r s i n g  d e v i c e  f o r  t h e  m a j o r i t y  o f  t h e  c u r v e s .
The v a l u e s  o f  Ly f ro m  t h e  t w o - d i m e n s i o n a l  c h a n n e l  
a r e  h i g h e r  t h a n  t h e  o n e s  o b t a i n e d  i n  t h i s  p r o j e c t .  The tw o - 
d i m e n s i o n a l  v a l u e s  r a n g e d  f ro m  0 . 5  t o  a b o u t  0 . 9  i n c h e s  w h e r e ­
a s  t h e  p i p e  v a l u e s  r a n g e d  f ro m  0 . 2 8  t o  a b o u t  0 .4 5  i n c h e s  f o r  
t h e  same c h a n n e l  r e g i o n .  T h i s  i s  u n d e r s t a n d a b l e  s i n c e  f o r  
t h e  c i r c u l a r  5 - i n c h  p i p e  t h e r e  i s  l e s s  f l o w  a r e a  t h a n  f o r  
t h i s  5 x  60 i n c h  r e c t a n g u l a r  c h a n n e l .  The s h e a r i n g  e f f e c t s  
o f  t h e  t o p  and  b o t to m  w a l l s  i n  t h e  t w o - d i m e n s i o n a l  c h a n n e l  
a r e  n o t  a s  p ro n o u n c e d  a t  a n  x y  p l a n e  l o c a t e d  m idway b e tw e e n  
t o p  and  b o t to m  a s  a r e  t h e  e f f e c t s  o f  t h e  s i d e  w a l l s .  I n  
t h e  5 - i n c h  p i p e  t h e  e f f e c t s  o f  t h e  w a l l  a t  t h e  c e n t e r  a r e  
t h e  same i n  a l l  d i r e c t i o n s .
L a u f e r 13 c o n c lu d e d  from  h i s  t w o - d i m e n s i o n a l  c h a n n e l  
i n v e s t i g a t i o n  t h a t  t h e  l a t e r a l  m a c r o s c a l e  o f  t u r b u l e n c e  i n  
t h e  c e n t r a l  r e g i o n  was in d e p e n d e n t  o f  t h e  R e y n o ld s  num ber 
and  d e p e n d e d  o n l y  on  t h e  c h a n n e l  w i d t h .  T h i s  was a l s o  fo u n d  
t o  b e  t r u e  f o r  p i p e  f lo w  i n  t h e  R e y n o ld s  num ber r a n g e  o f  
1 0 ,0 0 0  t o  2 0 0 ,0 0 0 .  S in c e  L a u f e r ' s  f l o w  r a t e s  w e re  i n  t h e  
r a n g e  o f  Re = 1 2 ,3 0 0  t o  Re = 6 1 ,6 0 0  t h e s e  o b s e r v a t i o n s  from  
t h e  c h a n n e l  and  t h e  p i p e  a r e  i n  a g r e e m e n t .
The d a t a  o b t a i n e d  a t  low v e l o c i t i e s  s h o u l d  b e  u s e d  
w i t h  c a u t i o n .  U n f o r t u n a t e l y  t h e  h o t  w i r e  an em o m eter  i s  
n o t  a s  a c c u r a t e  a t  low v e l o c i t i e s  ( l e s s  t h a n  5 f e e t  p e r  
s e c o n d )  a s  i t  i s  a t  h i g h  v e l o c i t i e s .  T h i s  i s  d u e  t o  t h e  
low  f r e q u e n c y  o f  t h e  t u r b u l e n t  f l u c t u a t i o n s  w h ic h  o c c u r  a t  
low  v e l o c i t i e s .  I t  i s  d i f f i c u l t  t o  o b t a i n  t i m e  a v e r a g e s  
o f  t h e  f l u c t u a t i n g  s i g n a l s  i n  t h e  low  v e l o c i t y  r e g i o n .  The 
rm s m e t e r  f l u c t u a t e d  a s  much a s  50 p e r  c e n t  o f  s c a l e  f o r  
t h e  m e a su re m e n t  a t  Uo = 2 f e e t  p e r  s e c o n d .
I n  o r d e r  t o  d e t e r m i n e  i f  t h e  Ry v e r s u s  y  c u r v e s  a r e
s y m m e t r i c a l  s e v e r a l  r u n s  w e r e  made a t  c e n t e r  l i n e  v e l o c i t i e s
o f  10 0 , 5 0 ,  5 and  2 f e e t  p e r  s e c o n d  w i t h  P r o b e  (2 )  f i x e d .
F i g u r e  13 show s t h e  r e s u l t s  from  t h e  m e a su re m e n t  a t  Uo= 2
f e e t  p e r  s e c o n d .  As i t  w o u ld  b e  e x p e c t e d  t h e  c u r v e s  w e re
s y m m e t r i c a l  a t  t h e  c e n t e r  o f  t h e  p i p e .  As f o r  t h e  o t h e r  
r u n s  a t  r  = 1 .0  and  r  = 1 .5  i t  c an  b e  c o n c lu d e d  t h a t  t h e
c u r v e s  a r e  a l s o  s y m m e t r i c a l .  One g ood  c r i t e r i a n  f o r  d e t e r m i n  
in g  t h e  sym m etry  o f  t h e  c u r v e s  i s  t o  com pare  t h e  a r e a  u n d e r  
t h e  c u r v e s ,  i . e . ,  Ly. The v a l u e s  o f  Ly i n  T a b l e s  I  a n d  I I  
show t h a t  w i t h i n  e x p e r i m e n t a l  e r r o r  t h e  c u r v e s  a r e  s y m m e t r i ­
c a l .  U n f o r t u n a t e l y ,  t h e s e  sym m etry  r u n s  c o u ld  n o t  b e  c o n ­
d u c te d  i n  t h e  w a l l  r e g i o n  d u e  t o  t h e  f a c t  t h a t  t h e r e  w as no 
s p a c e  a v a i l a b l e  f o r  s e p a r a t i n g  t h e  p r o b e s .
M i c r o s c a l e  o f  T u r b u le n c e
The l o n g i t u d i n a l  m i c r o s c a l e  o f  t u r b u l e n c e ,  Xx, was 
o b t a i n e d  w i t h  t h e  u s e  o f  e q u a t i o n  ( 1 1 - 6 5 ) .  V a lu e s  o f  Xx 
w e re  o b t a i n e d  a t  s e v e r a l  p o i n t s  on  t h e  c r o s s  s e c t i o n  o f  t h e  
p i p e  f o r  c e n t e r  l i n e  v e l o c i t i e s  o f  10 0 , 70 a n d  50 f e e t  p e r  
s e c o n d .  A t lo w e r  v e l o c i t i e s  t h e  n o i s e - t o - s i g n a l  r a t i o  b e ­
came so  l a r g e  t h a t  a c c u r a t e  v a l u e s  o f  t h e  t i m e  d i f f e r e n t i a t e d  
s i g n a l  c o u ld  n o t  b e  m e a s u re d .  T h e s e  v a l u e s  o f  Xx a r e  p l o t t e d  
v e r s u s  p i p e  p o s i t i o n  i n  F i g u r e  19. F o r  a l l  o f  t h e  f l o w  r a t e s  
t h e  m i c r o s c a l e  o f  t u r b u l e n c e  r i s e s  t o  a  maximum v a l u e  a ro u n d  
r  = 1 . 5 ,  t h e n  s t a r t s  t o  d e c r e a s e  a s  t h e  w a l l  i s  f u r t h e r  
a p p r o a c h e d .  The maximum p o i n t  t e n d s  t o  s h i f t  to w a rd s  t h e  
p i p e  w a l l  a s  t h e  f lo w  r a t e  d e c r e a s e s .  The r e s u l t s  f ro m  
B r o o k s h i r e ' s 3 i n v e s t i g a t i o n  o f  t u r b u l e n c e  i n  p i p e  f lo w  a r e  
i n  a g re e m e n t  w i t h  t h e  a u t h o r ' s  r e s u l t s .  A l s o ,  L a u f e r 13 
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t y p e  o f  d i s t r i b u t i o n  w i t h  a  maximum o c c u r r i n g  a t  a  d i s t a n c e  
o f  a b o u t  0 .7 5  i n c h e s  f ro m  t h e  c e n t e r  o f  t h e  5 i n c h  c h a n n e l .  
B r o o k s h i r e  an d  L a u f e r  w e re  b o t h  h i n d e r e d  b y  t h e  h i g h  n o i s e -  
t o - s i g n a l  r a t i o  a t  low  v e l o c i t i e s .  The m a g n i tu d e  o f  t h e  
v a l u e s  o f  Xx from  t h i s  i n v e s t i g a t i o n  w e r e  i n  a g re e m e n t  w i t h  
B r o o k s h i r e ' s ,  b u t  t h e  v a l u e s  f rom  L a u f e r ' s  t w o - d i m e n s i o n a l  
c h a n n e l  i n v e s t i g a t i o n  w e re  s l i g h t l y  h i g h e r .  H is  v a l u e s  
r a n g e d  fro m  .0 7 8  i n c h e s  t o  a ro u n d  0 .2 7  i n c h e s .  The v a l u e s  
o f  Xx f ro m  t h e  5 - i n c h  p i p e  r a n g e d  from  0 .0 5  i n c h e s  t o  a ro u n d
0 .1 8  i n c h e s .  H ow ever, L a u f e r ' s  v a l u e s  w e r e  o b t a i n e d  a t  
lo w e r  R e y n o ld s  n u m b e rs .
B r o o k s h i r e 3 n o t e d  t h a t  t h e r e  was a  s l i g h t  i n c r e a s e  i n  
Xx i n  t h e  r e g i o n  o f  t h e  w a l l  a s  t h e  R e y n o ld s  num ber d e c r e a s e d ,  
b u t  h e  c o n c lu d e d  t h a t  t h e  l o n g i t u d i n a l  m i c r o s c a l e  o f  t u r b u ­
l e n c e  i s  r e l a t i v e l y  c o n s t a n t  a t  t h e  d i f f e r e n t  s t a t i o n s  a c r o s s  
t h e  p i p e  f o r  t h e  R e y n o ld s  num ber r a n g e  o f  8 1 ,0 0 0  t o  2 0 0 ,0 0 0 .
The r e s u l t s  f ro m  t h i s  i n v e s t i g a t i o n  a r e  i n  a g re e m e n t  w i t h  
B r o o k s h i r e ' s o b s e r v a t i o n s .
V a lu e s  o f  t h e  l a t e r a l  m i c r o s c a l e  o f  t u r b u l e n c e  w e re  
c a l c u l a t e d  from  t h e  c u r v a t u r e  o f  t h e  By v e r s u s  y  c u r v e  a t  
y  = 0 .  I f  t h e  t u r b u l e n c e  i s  i s o t r o p i c  t h e n  t h e  l o n g i t u d i n a l  
and  l a t e r a l  m i c r o s c a l e  o f  t u r b u l e n c e  s h o u ld  b e  e q u i v a l e n t .  
B r o o k s h i r e 3 an d  L a u f e r 14 h a v e  shown t h a t  t h e r e  i s  a  d e f i n i t e
t e n d e n c y  to w a rd s  i s o t r o p y  a t  t h e  p i p e  c e n t e r .  F o r  t h e  h i g h  
v e l o c i t i e s  t h e s e  two m i c r o s c a l e s  o f  t u r b u l e n c e  w e re  com pared  
and  fo u n d  t o  a g r e e  f a i r l y  c l o s e l y .  (S e e  T a b le  I )  H ow ever, 
t h e r e  a r e  some d i s c r e p a n c i e s  w h ic h  c a n  p r o b a b l y  b e  a t t r i ­
b u t e d  t o  t h e  e r r o r  i n v o lv e d  i n  c a l c u l a t i n g  Xy.
I n  o r d e r  t o  d e t e r m i n e  t h e  d i s t r i b u t i o n  o f  t h e  l a t e r a l  
m i c r o s c a l e  o f  t u r b u l e n c e  a c r o s s  t h e  p i p e  Xy w as  p l o t t e d  
v e r s u s  d i s t a n c e  from  t h e  p i p e  c e n t e r .  T h ese  c u r v e s  f o r  t h e  
h i g h  v e l o c i t i e s  (1 0 0 ,0 0 0  < Re  < 2 0 0 ,0 0 0 )  a r e  p r e s e n t e d  i n  
F i g u r e  20 . T h e r e  i s  some s c a t t e r  i n  t h e  d a t a ,  b u t  i t  a p p e a r s  
t h a t  t h e  m i c r o s c a l e  f o r  t h e s e  t h r e e  v e l o c i t i e s  i s  a p p r o x im a te  
l y  t h e  same a l l  a c r o s s  t h e  p i p e .  T h e r e  seem s t o  b e  a  g r a d u a l  
d e c r e a s e  i n  t h e  m i c r o s c a l e  w i t h  i n c r e a s i n g  d i s t a n c e  from  t h e  
c e n t e r .  The r a t e  o f  d e c r e a s e  m ig h t  b e  a  l i t t l e  h i g h e r  n e a r  
t h e  w a l l ;  i t  i s  d i f f i c u l t  t o  d ra w  f i r m  c o n c l u s i o n s  f ro m  
t h e s e  d a t a .  H ow ever, i t  i s  o b v io u s  t h a t  t h e  m i c r o s c a l e  i s  
a  l o t  h i g h e r  i n  t h e  c e n t r a l  r e g i o n  f o r  t h e  low  v e l o c i t i e s  
t h a n  f o r  t h e  h i g h  v e l o c i t i e s .  The v a l u e s  o f  Xy v e r s u s  p i p e  
r a d i u s  f o r  t h e  low v e l o c i t i e s  ( 2 ,9 0 0  < Re < 4 0 ,0 0 0 )  a r e  
p r e s e n t e d  i n  F i g u r e  21 . A g a in  t h e r e  i s  a c o n s i d e r a b l e  
am ount o f  s c a t t e r  i n  t h e  d a t a ,  b u t  t h e  d i s t r i b u t i o n  o f  t h e  
m i c r o s c a l e  f o r  t h e  low  v e l o c i t i e s  20 , 10, and 2 f e e t  p e r  



































0 0 0 .5 1.0 1.5 2.0 2.5
Distance From Pipe Center, r (inches)
FIGURE 20
DISTRIBUTION OF LATERAL MICROSCALE
(High Velocity)
Distance From Pipe Center, r (inches)
FIGURE 21
DISTRIBUTION OF LATERAL MICROSCALE
(Low  Velocity)
D istance From Pipe Center, r (inches)
80
o f  5 f e e t  p e r  s e c o n d  a p p e a r s  t o  b e  o u t  o f  l i n e .  T h e r e  i s  
no  e x p l a n a t i o n  f o r  t h i s .  Due t o  t h e  s c a t t e r  i n  t h e  d a t a  
i t  i s  h a r d  t o  d i s t i n g u i s h  any  d i f f e r e n c e s  i n  t h e  d i s t r i ­
b u t i o n  f o r  t h e s e  d i f f e r e n t  v e l o c i t i e s .  I n  g e n e r a l ,  i t  
a p p e a r s  t h a t  t h e  m i c r o s c a l e  d e c r e a s e s  w i t h  i n c r e a s i n g  p i p e  
r a d i u s .  As p o i n t e d  o u t  p r e v i o u s l y  t h e  v a l u e  o f  Xy i n  t h e  
c e n t r a l  r e g i o n  i s  m uch h i g h e r  f o r  t h e  low v e l o c i t i e s  t h a n  
f o r  t h e  h i g h  v e l o c i t i e s ,  b u t  t h e  v a l u e s  o f  Xy i n  t h e  w a l l  
r e g i o n  a r e  a p p r o x i m a t e l y  t h e  same f o r  b o t h  t h e  h i g h  and 
low  v e l o c i t i e s .  C o n s e q u e n t l y ,  t h e  d i s t r i b u t i o n  c u r v e s  
h a v e  a  g r e a t e r  s l o p e  f o r  t h e  low  v e l o c i t i e s  t h a n  f o r  t h e  
h i g h  v e l o c i t i e s .  T he  f a c t  t h a t  t h e  m i c r o s c a l e  i s  l a r g e r  
i n  t h e  c e n t r a l  r e g i o n  f o r  t h e  lo w e r  R e y n o ld s  n u m bers  m ig h t  
b e  e x p e c t e d  from  t h e  i d e a s  on t u r b u l e n c e .
The m ethod  u s e d  t o  c a l c u l a t e  t h e  v a l u e s  o f  Xy was 
t o  o b t a i n  v a l u e s  Ry c l o s e  t o  y  = 0 from  t h e  c o r r e l a t i o n  
c u r v e s  and  to .  s u b s t i t u t e  them  i n t o  a  r e a r r a n g e d  v e r s i o n  
o f  e q u a t i o n  ( 1 1 - 3 0 ) ,  n a m e ly ,
s e v e r a l  v a l u e s  o f  Xy w e re  c a l c u l a t e d  f o r  e a c h  c u r v e  and  an  
a v e r a g e  was o b t a i n e d .  T h ese  v a l u e s  o f  Xy a r e  n o t  v e r y  r e ­
l i a b l e  an d  F i g u r e s  20 and  21 show t h a t  t h e s e  d a t a  a r e  some­
w ha t s c a t t e r e d .  T h e s e  i n c o n s i s t e n t  r e s u l t s  c an  p r o b a b l y
b e  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  m ethod  em ployed  i n  m ea­
s u r i n g  By a t  s m a l l  p r o b e  s e p a r a t i o n s  i s  n o t  t h e  m o s t  a c c u r a t e  
m eth o d  a v a i l a b l e  f o r  m e a s u r in g  v a l u e s  o f  By c l o s e  t o  u n i t y .  
T h i s  m ethod  i n v o l v e d  r e a d i n g  two rm s v a l u e s  o f  f l u c t u a t i n g  
s i g n a l s  w h ic h  a r e  b o t h  s u b j e c t  t o  e x p e r i m e n t a l  e r r o r .  T h e s e  
tw o v a l u e s  a r e  s q u a r e d  and  t h e n  t h e  d i f f e r e n c e  i n  t h e s e  two 
s q u a r e d  num b ers  i s  o b t a i n e d .  I n  t h i s  p r o c e d u r e  t h e  e x p e r i ­
m e n t a l  e r r o r  i s  m a g n i f i e d .  P r a n d t l  an d  R e i c h a r d 24 m e a s u re d  
some v a l u e s  o f  Py i n  a  9 . 6 8 - i n c h  c h a n n e l ;  t h e y  em p lo yed  a 
m eth od  w h ic h  i s  s p e c i a l l y  s u i t e d  f o r  d e t e r m i n i n g  t h e  s m a l l  
d e v i a t i o n s  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  f ro m  1 . 0 .  They 
f o u n d  t h a t  xy i n c r e a s e d  s l i g h t l y  w i t h  i n c r e a s i n g  d i s t a n c e  
f ro m  t h e  c h a n n e l  c e n t e r  u n t i l  i t  r e a c h e d  a maximum v a l u e  
a ro u n d  0 .7  i n c h e s  f ro m  t h e  c e n t e r .  From t h e r e  i t  d e c r e a s e d  
s t e a d i l y  a s  t h e  w a l l  was a p p r o a c h e d .  U n f o r t u n a t e l y  t h e y  
d i d  n o t  m e a s u re  a n y  v a l u e s  o f  Ry b e lo w  0 . 6 ;  t h e r e f o r e ,  v a l u e s  
o f  Ly c o u ld  n o t  b e  c a l c u l a t e d  from  t h e i r  r e s u l t s .  L a u f e r 13 
fo u n d  f o r  t h e  5 - i n c h  c h a n n e l  t h a t  Xy i n c r e a s e d  s t e a d i l y  
f ro m  t h e  c e n t e r  t o  a b o u t  0 .7 5  i n c h e s  f rom  t h e  c e n t e r  t h e n  
b e g a n  t o  d e c r e a s e .  The d i s t r i b u t i o n  o f  Xy f o r  t h e  1 0 - i n c h  
a n d  5 - i n c h  c h a n n e l s  a r e  v e r y  s i m i l a r .
L ik e  t h e  l o n g i t u d i n a l  m i c r o s c a l e  o f  t u r b u l e n c e  t h e  
l a t e r a l  m i c r o s c a l e  o f  t u r b u l e n c e  i n  t h e  w a l l  r e g i o n  i n c r e a s e s
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s l i g h t l y  w i t h  d e c r e a s i n g  f lo w  r a t e s  u n t i l  U0 = 20 f e e t  p e r  
s e c o n d .  From t h i s  p o i n t  i t  a p p e a r s  t h a t  Xy b e g i n s  t o  d e ­
c r e a s e  s l i g h t l y  a s  t h e  v e l o c i t y  i s  f u r t h e r  d e c r e a s e d .
T h e s e  v a l u e s  o f  Xy a r e  p l o t t e d  i n  F i g u r e  22. The e x p e r i ­
m e n t a l  p o i n t  a t  5 f e e t  p e r  s e c o n d  a p p e a r s  t o  b e  o u t  o f  l i n e .
The a u t h o r  i s  i n c l i n e d  t o  b e l i e v e  t h e  Xy i n  t h e  w a l l  r e g i o n  
i s  o n l y  s l i g h t l y  a f f e c t e d  by  f lo w  r a t e .
A l s o ,  i n  F i g u r e  22 t h e  v a l u e s  o f  Xy a t  t h e  c e n t e r  o f  
t h e  p i p e  a r e  p r e s e n t e d .  T h e s e  d a t a  a r e  so  s c a t t e r e d  i t  m ust  
b e  c o n c lu d e d  t h a t  d u e  t o  t h e  e r r o r  i n v o l v e d  i n  c a l c u l a t i n g  
Xy t h a t  no t r e n d s  c a n  b e  p r e d i c t e d  f ro m  t h e s e  r e s u l t s .
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  h i g h  R e y n o ld s  
num bers  Xy i s  a b o u t  1 /3  t o  1 /2  o f  Ly* and  f o r  t h e  low 
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CHAPTER V 
CONCLUSIONS
From t h e  e x p e r i m e n t a l  i n v e s t i g a t i o n  and  t h e  s u b s e ­
q u e n t  i n t e r p r e t a t i o n  o f  r e s u l t s  t h e  f o l l o w i n g  c o n c l u s i o n s  
c an  b e  made c o n c e r n i n g  t h e  l a t e r a l  m a c r o s c a l e  o f  t u r b u l e n c e .
1) The c o r r e l a t i o n  c u rv e  Ry m e a su re d  i n  a  p i p e  f i t s  
t h e  g e n e r a l  s h a p e  p r e d i c t e d  by t h e o r y  and  Ry h a s  n e g a t i v e  
a s  w e l l  a s  p o s i t i v e  v a l u e s  a s  T a y l o r  p r e d i c t e d .
2) The l a t e r a l  m a c r o s c a l e  o f  t u r b u l e n c e  i n c r e a s e s  
w i t h  i n c r e a s i n g  d i s t a n c e  from  t h e  c e n t e r  o f  t h e  p i p e  u n t i l  
a  maximum i s  r e a c h e d , t h e n  Ly b e g i n s  t o  d e c r e a s e  a s  t h e  
w a l l  i s  f u r t h e r  a p p ro a c h e d .
3) The maximum v a l u e  o f  Ly t e n d s  t o  s h i f t  to w a rd s  
t h e  p i n e  c e n t e r  a s  t h e  f lo w  r a t e  d e c r e a s e s .
4 )  The v a l u e s  o f  Ly a t  t h e  c e n t e r  o f  t h e  p i p e  a r e  
in d e p e n d e n t  o f  t h e  f lo w  r a t e  f o r  t h e  h i g h  v e l o c i t i e s ,  b u t  
a t  v e l o c i t i e s  b e lo w  10 f e e t  p e r  s e c o n d  t h e  m a c r o s c a l e  o f  
t u r b u l e n c e  b e g i n s  t o  i n c r e a s e  a s  t h e  t r a n s i t i o n  r e g i o n  i s  
a p p r o a c h e d .
5) The c o r r e l a t i o n  c u r v e s ,  Ry v e r s u s  y  , a r e  
f a i r l y  s y m m e t r i c a l  i n  t h e  c e n t r a l  r e g i o n  o f  t h e  p i p e .
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The i n v e s t i g a t i o n  o f  th e  m i c r o s c a l e  o f  t u r b u l e n c e  
was n o t  a s  e x t e n s i v e  a s  t h a t  o f  t h e  m a c r o s c a l e ,  b u t  w i t h  
t h e  s u p p o r t  o f  o t h e r  i n v e s t i g a t i o n s  th e  f o l l o w i n g  c o n c l u s i o n s  
can  be made c o n c e r n i n g  t h e  m i c r o s c a l e  o f  t u r b u l e n c e .
1) The l o n g i t u d i n a l  m i c r o s c a l e  o f  t u r b u l e n c e  i n ­
c r e a s e s  from  t h e  c e n t e r  o f  th e  p i p e  u n t i l  a maximum i s  
r e a c h e d  a t  a  d i s t a n c e  o f  a b o u t  1 . 5  i n c h e s  from  t h e  c e n t e r  
f o r  t h e  h i g h  v e l o c i t i e s .  T h is  maximum p o i n t  t e n d s  t o  s h i f t  
to w a rd s  t h e  p i p e  w a l l  a s  t h e  f lo w  r a t e  d e c r e a s e s .  No r e ­
s u l t s  w e re  o b t a i n e d  f o r  low v e l o c i t i e s .
2) A t a l l  s t a t i o n s  a c r o s s  t h e  p i p e  t h e  i s  o n ly  
s l i g h t l y  a f f e c t e d  by t h e  f low  r a t e  a t  t h e  h i g h  v e l o c i t i e s .
3 ) The l o n g i t u d i n a l  and  l a t e r a l  m i c r o s c a l e s  o f  
t u r b u l e n c e  a g r e e  f a i r l y  c l o s e l y .  No c o n c r e t e  e v id e n c e  f o r  
i s o t r o p i c  f lo w  c o u ld  b e  o b t a i n e d  fro m  t h e s e  c o m p a r is o n s  
due  t o  t h e  e r r o r  i n v l o v e d  i n  c a l c u l a t i n g  Xy.
4) The l a t e r a l  m i c r o s c a l e  o f  t u r b u l e n c e  i n  t h e  w a l l  
r e g i o n  a p p e a r s  t o  be i n d e p e n d e n t  o f  f lo w  r a t e .  No c o n ­
c l u s i o n s  c o u ld  be  made c o n c e r n i n g  t h e  e f f e c t  o f  f lo w  r a t e  
on Xy i n  t h e  c e n t r a l  r e g i o n  o f  t h e  p i p e  due  t o  t h e  s c a t t e r  
o f  t h e  d a t a .
5) The v a l u e s  o f  Xy i n  t h e  c e n t r a l  r e g i o n  o f  th e  
p i p e  a r e  much h i g h e r  f o r  t h e  low v e l o c i t i e s  t h a n  f o r
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t h e  h i g h  v e l o c i t i e s .  H ow ever, t h e  v a l u e s  o f  Xy i n  t h e  w a l l  
r e g i o n  a r e  a p p r o x i m a t e l y  t h e  sam e f o r  b o t h  h i g h  and  low v e l o ­
c i t i e s  .
I n  g e n e r a l  i t  c a n  b e  c o n c lu d e d  t h a t  t h e  d i s t r i b u t i o n s  
o f  b o t h  t h e  m a c r o s c a l e  and  m i c r o s c a l e  o f  t u r b u l e n c e  i n  a 
c i r c u l a r  c h a n n e l  a r e  s i m i l a r  t o  t h e  d i s t r i b u t i o n s  o f  t h e  
m a c r o s c a l e  and  m i c r o s c a l e  i n  a  t w o - d i m e n s i o n a l  c h a n n e l .
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A P P E N D I X  
APPENDIX A
EXPERIMENTAL RESULTS
TABLE III. RESULTS FROM TURBULENCE MEASUREMENTS
Re = 213,000; UQ = 100 fps
Run l 2 u i Ua r x r a y Ry X 2
No. ( f p s ) ( f p s ) ( f p s ) ( f p s ) ( i n ) ( i n ) ( i n ) ( i n ) ( i n )
101 9 9 .3 9 9 .4 3 .4 2 3 .4 1 0 - . 0 4 .0 4 1 .0 1 .1 1 3 .113
102 9 9 .3 9 9 .4 3 .4 2 3 .4 1 0 - . 0 5 .0 5 1 .0 0 .1 1 3 .113
103 9 9 .3 9 9 .4 3 .4 2 3 .5 0 0 - . 0 6 .0 6 .985 .113 .116
104 9 9 .3 9 9 .4 3 .4 2 3 .5 0 0 - . 0 6 .06 .967 .113 .116
105 9 9 .3 9 9 .4 3 .4 2 3 .4 1 0 - . 0 7 .07 .9 8 1 .113 .116
106 9 9 .3 9 9 .4 3 .4 2 3 .4 1 0 - . 0 8 .08 .970 .1 1 1 .111
107 9 9 .3 9 9 .4 3 .4 2 3 .4 1 0 - . 0 9 .0 9 .938 .113 .116
108 9 9 .3 9 9 .4 3 .4 2 3 .4 1 0 - . 1 0 .1 0 .898 .1 1 1 .111
109 9 9 .3 9 9 .4 3 .4 2 3 .4 1 0 - . 1 5 .1 5 .7 9 2 .1 1 1 .111
110 9 9 .3 9 9 .4 3 .4 2 3 .5 0 0 - . 2 0 .2 0 .685 .1 1 1 .113
111 9 9 .3 9 9 .4 3 .4 2 3 .5 0 0 - . 2 5 .2 5 .640 .1 1 1 .113
112 9 9 .3 9 9 .4 3 .4 2 3 .5 0 0 - . 3 0 .3 0 .5 7 1 .1 1 1 .113
113 9 9 .3 9 9 .4 3 .4 2 3 .5 8 0 - . 4 0 .4 0 .436 .1 1 1 .117
114 9 9 .3 9 9 .4 3 .4 2 3 .7 6 0 - . 5 0 .5 0 .346 .1 1 1 .1 2 2
115 9 9 .3 9 8 .9 3 .4 2 3 .9 3 0 - . 6 0 .6 0 .235 .1 1 1 .127
116 9 9 .3 9 8 .4 3 .4 2 4 .2 8 0 - . 7 0 .7 0 .159 .1 1 1 .136
117 9 9 .3 9 8 .4 3 .4 2 4 .4 6 0 - . 8 0 .8 0 .0 3 3 .1 1 1 .1 4 4
118 9 9 .3 9 8 .4 3 .4 2 4 .6 3 0 - . 9 0 .9 0 0 .1 1 1 .149
119 9 9 .3 9 8 .4 3 .4 2 4 .9 0 0 - 1 .0 0 1 .0 0 0 .1 1 1 .157
120 9 5 .3 9 5 .4 5 .8 8 5 .7 7 1 .0 .9 6 .0 4 .870 .157 .155
121 9 5 .3 9 5 .4 5 .8 8 5 .7 7 1 .0 .95 .0 5 .808 .157 .155
122 9 5 .3 9 6 .4 5 .8 8 5 .7 7 1 .0 .9 4 .0 6 .80 3 .157 .155
123 9 5 .3 9 6 .4 5 .8 8 5 .7 7 1 .0 .9 3 .07 .793 .157 .155
124 9 5 .3 9 6 .4 5 .8 8 5 .7 7 1 .0 .9 2 .0 8 .78 1 .157 .155
125 9 5 .3 9 6 .4 5 .8 8 5 .7 7 1 .0 .91 .09 .7 2 4 .157 .155
TABLE III cont'd
Run Tfi Us
No. ( f p s ) ( f p s )
126 9 5 .3 9 6 .4
127 9 5 .3 9 7 .4
128 9 5 .3 9 7 .4
129 9 5 .3 9 8 . 4
130 9 5 .3 9 9 .4
131 9 5 .3 9 9 .4
132 9 5 .3 9 9 .4
133 9 5 .3 9 9 .4
134 9 5 .3 9 9 .4
135 9 5 .3 9 9 .4
136 9 5 .3 9 9 .4
137 9 5 .3 9 9 .4
138 8 2 .4 8 3 .5
139 8 2 .4 8 3 .5
140 8 2 .4 8 3 .5
141 8 2 .4 8 3 .5
142 8 2 .4 8 3 .5
143 8 2 .4 8 3 .5
144 8 2 .4 8 3 .5
145 8 2 .4 8 6 .5
146 8 2 .4 8 7 .5
147 8 2 .4 9 1 .4
148 8 2 .4 9 3 .4
149 8 2 .4 9 5 .4
150 8 2 .4 9 6 .4
u { u 2 r x
( f p s )  ( f p s )  ( i n )
5 .8 8 5 .6 0 1 .0
5 .8 8 5 .6 0 1 .0
5 .8 8 5 .4 2 1 .0
5 .8 8 5 .2 5 1 .0
5 .8 8 4 .3 7 1 .0
5 .8 8 4 .2 7 1 .0
5 .8 8 4 .0 2 1 .0
5 .8 8 3 .8 7 1 .0
5 .8 8 3 .5 9 1 .0
5 .8 8 3 .5 0 1 .0
5 .8 8 3 .4 1 1 .0
5 .8 8 3 .4 1 1 .0
8 .2 6 8 .2 0 2 .0
8 .2 6 8 .2 0 2 .0
8 .2 6 8 .2 0 2 .0
8 .2 6 8 .2 0 2 .0
8 .2 6 8 .0 0 2 .0
8 .2 6 8 .0 0 2 .0
8 .2 6 8 .0 0 2 .0
8 .2 6 8 .0 0 2 .0
8 .2 6 7 .8 3 2 .0
8 .2 6 7 .6 6 2 .0
8 .2 6 7 .3 0 2 .0
8 .2 6 7 .1 0 2 .0
8 .2 6 6 .9 5 2 .0
r 2 y  Ry Xx X2
( i n )  ( i n ) _______   ( i n )  ( i n )
.9 0 .1 0 .7 3 1 .157 .1 5 2
.8 5 .1 5 .7 1 4 .157 .1 5 3
.8 0 .2 0 .659 .157 .149
.7 5 .2 5 .6 5 8 .157 .1 4 6
.7 0 .3 0 .5 6 1 .157 .1 2 2
.6 0 .4 0 .4 7 4 .157 .1 2 0
.5 0 .5 0 .3 7 5 .157 .1 1 2
.4 0 .6 0 .287 .157 .1 0 8
.3 0 .7 0 .1 6 6 .160 .1 0 2
.2 0 .8 0 .1 1 1 .160 .1 0 0
.1 0 .90 .029 .157 .0 9 6
0 1 .0 0 .157 .0 9 6
1 .9 6 .0 4 .8 5 4 .137 .1 3 6
1 .9 5 .0 5 .806 .137 .136
1 .9 4 .0 6 .798 .137 .1 3 6
1 .9 3 .07 .7 5 2 .1 3 4 .133
1 .9 2 .08 .7 2 3 .1 3 4 .130
1 .9 1 ' .09 .715 .140 .1 3 1
1 .9 0 .10 .706 .1 3 4 .1 3 0
1 .8 5 .1 5 .677 .1 3 4 .1 3 4
1 .8 0 .20 .5 5 1 .1 3 4 .1 3 3
1 .7 0 .30 .479 .1 3 4 .1 3 6
1 .6 0 .40 .407 .1 3 4 .1 3 3
1 .5 0 .50 .3 3 3 .1 3 4 .1 3 2





( f p s )
Us
( f p s )
151 8 2 .4 9 8 .4
152 8 2 .4 9 9 .4
153 8 2 .4 9 9 .4
154 8 2 .4 9 9 .4
155 4 8 .7 5 7 .7
156 4 8 .7 5 8 .6
157 4 8 .7 6 2 .6
158 4 8 .7 6 3 .6
159 4 8 .7 6 4 .6 '
160 4 8 .7 6 7 .5
161 4 8 .7 6 8 .5
162 4 8 .7 7 2 .5
163 4 8 .7 7 6 .5
164 4 8 .7 8 1 .5
165 4 8 .7 8 4 .5
166 4 8 .7 8 7 .4
167 4 8 .7 8 9 .5
168 4 8 .7 9 1 .4
169 4 8 .7 9 2 .4
170 4 8 .7 9 1 .4
171 4 8 .7 9 2 .4
u i
( f p s )
u 2
( f p s )
r i
( i n )
8 .2 6 6 .5 0 2 .0
8 .2 6 6 .3 0 2 .0
8 .2 6 5 .9 5 2 .0
8 .2 6 5 .7 5 2 .0
1 0 .0 9 .9 5 2 .4 8 5
1 0 .0 9 .9 5 2 .4 8 5
1 0 .0 9 .9 5 2 .4 8 5
1 0 .0 9 .7 8 2 .4 8 5
1 0 .0 9 .7 8 2 .4 8 5
9 .8 5 9 .9 5 2 .4 8 5
9 .8 5 9 .9 5 2 .4 8 5
9 .8 5 9 .6 0 2 .4 8 5
9 .8 5 9 .6 0 2 .4 8 5
9 .8 5 9 .2 6 2 .4 8 5
9 .8 5 8 .7 0 2 .4 8 5
9 .8 5 8 .2 8 2 .4 8 5
9 .8 5 8 .1 7 2 .4 8 5
9 .8 5 7 .6 6 2 .4 8 5
9 .8 5 7 .4 6 2 .4 8 5
9 .8 5 7 .1 2 2 .4 8 5
9 .8 5 6 .9 5 2 .4 8 5
r a
( i n )
y
( i n )
Ry Xi
( i n )
X2
( in ) .
1 .3 0 .7 0 .2 4 4 .1 3 4 .126
1 .2 0 .8 0 .2 0 6 .1 3 4 .1 2 4
1 .1 0 .9 0 .1 7 3 .1 3 4 .117
1 .0 1 .0 .0 7 2 .1 3 4 .1 1 4
2 .4 4 5 .0 4 .567 .060 .0 7 0
2 .4 3 5 .05 .517 .0 6 0 .0 7 1
2 .4 2 5 .06 .4 6 6 .0 6 0 .0 7 6
2 .4 1 5 .07 .430 .060 .0 7 6
2 .4 0 5 .08 .395 .060 .079
2 .3 9 5 .09 .377 .059 .0 8 3
2 .3 8 5 .1 0 .368 .059 .0 8 4
2 .3 3 5 .15 .326 .059 .086
2 .2 8 5 .2 0 .253 .059 .09 1
2 .1 8 5 .3 0 .228 .059 .0 9 2
2 .0 8 5 .40 .1 7 2 .059 .0 9 1
1 .9 8 5 .5 0 .1 5 2 .059 .090
1 .8 8 5 .6 0 .119 .059 .0 9 1
1 .7 8 5 .70 .0 8 2 .059 .0 8 6
1 .6 8 5 .8 0 .055 .059 .085
1 .5 8 5 .9 0 .040 .059 .0 8 0






























TABLE IV. RESULTS FROM TURBULENCE MEASUREMENTS
Re = 20,800; U0 = 10 fps
Ui
( f p s )
U2
( f p s )
u i
( f p s )
u 2
( f p s )
r i
( i n )
r 2
( i n )
y
( i n )
Ry
9 .9 3 9 .9 4 .3 0 8 .3 0 8 0 - . 0 4 .0 4 .9 9 4
9 .9 3 9 .9 4 .3 0 8 .308 0 - . 0 5 .05 .9 9 4
9 .9 3 9 .9 4 .3 0 8 .308 0 -  .0 6 .0 6 .990
9 .9 3 9 .9 4 .3 0 8 .308 0 - . 0 7 .07 .987
9 .9 3 9 .9 4 .3 0 8 .308 0 - . 0 8 .08 .9 8 1
9 .9 3 9 .9 4 .3 0 8 .308 0 - . 0 9 .0 9 .9 1 2
9 .9 3 9 .9 4 .3 0 8 .316 0 - . 1 0 .10 .875
9 .9 3 9 .9 4 .3 0 8 .316 0 - . 1 5 .1 5 .789
9 .9 3 9 .9 4 .308 .316 0 - . 2 0 .2 0 .748
9 .9 3 9 .9 4 .3 0 8 .330 0 - . 2 5 .2 5 .597
9 .9 3 9 .9 4 .3 0 8 .330 0 - . 3 0 .30 .4 9 2
9 .9 3 9 .9 4 .308 .3 4 1 0 - . 4 0 .4 0 .303
9 .9 3 9 .9 4 .308 .3 5 1 0 - . 5 0 .5 0 .168
9 .9 3 9 .9 4 .3 0 8 .355 0 - . 6 0 .60 .063
9 .9 3 9 .9 4 .3 0 8 .366 0 - . 7 0 .7 0 .008
9 .9 3 9 .9 4 .3 0 8 .3 7 2 0 - . 8 0 .80 0
9 .9 3 9 .7 4 .3 0 8 .4 0 4 0 - . 9 0 .9 0 - .0 2 0
9 .9 3 9 .7 4 .308 .426 0 - 1 . 0 1 .0 - .0 1 9
9 .4 3 9 .4 4 .417 .419 1 .0 .9 6 .0 4 1 .0 9
9 .4 3 9 .4 4 .417 .419 1 .0 .9 5 .0 5 1 .0 9
9 .4 3 9 .4 4 .417 .419 1 .0 .9 4 .0 6 1 .0 3
9 .4 3 9 .4 4 .41 7 .419 1 .0 .9 3 .07 1 .0 3
9 .4 3 9 .4 4 .41 7 .419 1 .0 .9 2 .0 8 1 .0 2
9 .4 3 9 .4 4 .417 .419 1 .0 .9 1 .09 1 .0 2





( f p s )
u2
( f p s )
u i
( f p s )
uj>
( f p s )
r i
( i n )
197 9 .4 3 9 .4 4 .4 17 .4 0 6 1 .0
198 9 .4 3 9 .4 4 .417 .4 0 6 1 .0
199 9 .4 3 9 .6 4 .417 .3 9 6 1 .0
200 9 .4 3 9 .8 4 .417 .396 1 .0
201 9 .4 3 9 .9 4 .417 .3 8 6 1 .0
202 9 .4 3 9 .9 4 .417 .3 4 4 1 .0
203 9 .4 3 9 .9 4 .417 .3 2 4 1 .0
204 9 .4 3 9 .9 4 .417 .3 2 4 1 .0
205 9 .4 3 9 .9 4 .417 .3 1 3 1 .0
206 9 .4 3 9 .9 4 .417 .3 1 3 1 .0
207 9 .4 3 9 .9 4 .417 .308 1 .0
208 8 .2 4 8 .2 5 .596 .590 2 .0
209 8 .2 4 8 .2 5 .596 .590 2 .0
210 8 .2 4 8 .2 5 .596 .590 2 .0
211 8 .2 4 8 .2 5 .5 9 6 .5 9 0 2 .0
212 8 .2 4 8 .2 5 .596 .590 2 .0
213 8 .2 4 8 .3 5 .596 .590 2 .0
214 8 .2 4 8 .3 5 .596 .590 2 .0
215 8 .2 4 8 .6 5 .596 .590 2 .0
216 8 .2 4 8 .9 5 .5 9 6 .578 2 .0
217 8 .2 4 8 .9 5 .596 .567 2 .0
218 8 .2 4 8 .9 5 .596 .556 2 .0
219 8 .2 4 8 .9 5 .596 .545 2 .0
220 8 .2 4 9 .1 4 .5 9 6 .5 2 4 2 .0
221 8 .2 4 9 .1 4 .596 .500 2 .0
r a
( i n )
y  Ry




.70 .30 .4 7 4
. 60 *"40 .3 2 1
.5 0 .50 .2 8 4
.40 .60 .2 2 2
.3 0 .7 0 .160
.20 .80 .040
.10 .90 0
0 1 .0 0
1 .9 6 .0 4 .991
1 .9 5 .0 5 .985
1 .9 4 .0 6 .978
1 .9 3 .07 .9 4 2
1.92- .08 .9 03
1 .9 1 .09 .855
1 .9 0 .10 .816
1 .8 5 .15 .705
1 .8 0 .2 0 .613
1 .7 5 .2 5 .487
1 .7 0 .3 0 .368
1 .6 0 .4 0 .325
1 .5 0 .5 0 .2 3 4
1 .4 0 .6 0 .1 4 8
TABLE IV cont'd
Run TJX U2
No. ( fp s ) ( fp s)
222 8 .2 4 9 .34
223 8 .2 4 9 .44
224 8 .2 4 9 .64
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TABLE V RESULTS FROM TURBULENCE MEASUREMENTS




( f p s )
Ua
( f p s )
u i
( f p s )
u |
( f p s )
r i
( i n ) ...
r 2
( i n )
y
( i n )
Ry Xi
( i n )
X2
( i n i
246 49.7 49.7 1.91 1.90 0 - . 0 4 .04 .955 .0843 .0844
247 49.7 49 .7 1.91 1.90 0 - .0 5 .05 .945 .0843 .0844
248 49.7 49.7 1.91 1.90 0 - .0 6 .06 .933 .0843 .0844
249 49.7 49.7 1.91 1 .94 0 - .0 7 .07 .859 .0843 0862
250 49.7 49 .7 1.91 1.94 0 - .0 8 .08 .825 .0843 .0862
251 49.7 49.7 1.91 1.90 0 - .0 9 .09 .808 .0865 .0868
252 49.7 49 .7 1.91 1.94 0 - .1 0 .10 .776 .0843 .0862
253 49.7 49 .7 1.91 1.90 0 - .1 5 .15 .677 .0843 .0844
254 49.7 49.7 1.91 1.94 0 - .2 0 .20 .549 .0843 .0862
255 49.7 49 .7 1.91 1.94 0 - .2 5 .25 .477 .0843 .0862
256 49.7 49 .7 1.91 1.98 0 - .3 0 .30 .397 .0843 .0870
257 49.7 49.7 1.91 2.02 0 - .4 0 .40 .294 .0843 .0903
258 49.7 49.7 1.91 2.12 0 - .5 0 .50 .207 .0843 .0943
259 49.7 49.7 1.91 2.38 0 - .6 0 .60 .108 .0843 .105
260 49.7 48.7 1 .91 2.38 0 - .7 0 .70 .068 .0867 .107
261 49.7 48.7 1.91 2.61 0 - .8 0 .80 .013 .0843 .113
262 49.7 48.7 1.91 2.64. 0 - .9 0 .90 0 .0843 .116
263 49.7 48.7 1.91 2.73 0 - 1 .0 1.0 0 .0843 .119
264 47.7 47.7 2.82 2.83 1.0 .96 .04 .950 .119 .120
265 46.7 47.7 2.82 2.83 1.0 .95 .05 .942 .119 .120
266 46.7 47.7 2.82 2.83 1.0 .94 .06 .932 .119 .120
267 46.7 47.7 2.82 2.83 1.0 .93 .07 .895 .119 .120
268 46.7 47.7 2.82 2.79 1.0 .92 .08 .866 .119 .118
269 46.7 48 .2 2.82 2.79 1.0 .91 .09 .858 .119 .119





( f p s )
u2
( f p s )
u i
( f p s ) (fps) (in
271 4 6 .7 4 8 . 7 2 . 8 2 2 . 7 1 1 . 0
272 4 6 . 7 4 7 . 7 2 . 8 2 2 .5 8 1 . 0
273 4 6 . 7 4 7 . 7 2 . 8 2 2 . 4 4 1 .0
274 4 6 . 7 4 7 . 7 2 . 8 2 2 . 4 4 1 . 0
275 4 6 . 7 4 8 . 7 2 . 8 2 2 .3 5 1 . 0
276 4 6 . 7 4 9 .7 2 . 8 2 2 .1 5 1 .0
277 4 6 . 7 4 9 . 7 2 . 8 2 2 . 1 4 1 . 0
278 4 6 . 7 4 9 . 7 2 . 8 2 2 . 0 1 1 . 0
279 4 6 . 7 4 9 . 7 2 . 8 2 1 . 9 2 1 .0
280 4 6 . 7 4 9 .7 2 . 8 2 1 .8 8 1 . 0
281 4 6 . 7 4 9 .7 2 . 8 2 1 .8 8 1 .0
282 3 8 .7 3 8 . 8 3 . 8 9 3 .8 8 2 . 0
283 3 8 .7 3 9 . 8 3 . 8 9 3 . 9 8 2 . 0
284 3 8 .7 3 9 . 8 3 . 8 9 3 . 9 8 2 . 0
285 3 8 . 7 3 9 .8 3 .8 9 3 . 9 8 2 . 0
286 3 8 .7 3 9 .8 3 . 8 9 3 . 9 8 2 . 0
287 3 8 . 7 3 9 .8 3 . 8 9 3 . 9 8 2 . 0
288 3 8 . 7 3 9 .8 3 . 8 9 3 . 8 8 2 . 0
289 3 8 .7 3 9 . 8 3 . 8 9 3 . 7 9 2 . 0
290 3 8 . 7 4 1 .7 3 . 8 9 3 . 7 9 2 . 0
291 3 8 . 7 4 2 .7 3 . 8 9 3 . 7 9 2 . 0
292 3 8 .7 4 2 . 7 3 . 8 9 3 . 7 9 2 . 0
293 3 8 .7 4 4 . 7 3 . 8 9 3 . 6 1 2 . 0
294 3 8 . 7 4 4 . 7 3 . 8 9 3 . 5 6 2 . 0
295 3 8 .7 4 6 . 7 3 . 8 9 3 . 4 3 2 . 0
Ts y  Ry X2
( i n )  ( i n ) ________  ( i n )  ( i n )
.85 .15 .776 .119 .116
.8 0 .20 .6 9 2 .119 .109
.75 .25 .577 .119 .103
.7 0 .30 .527 .119 .103
.60 .40 .477 .1 1 4 .0990
.5 0 .50 .368 .1 1 4 .0 9 34
.40 .60 .286 .116 .0928
.3 0 .70 .170 .119 .0883
.20 .80 .107 .119 .0 8 4 4
.10 .90 .027 .119 .0 8 3 2
0 1 . 0 .013 .119 .0843
1 .9 6 .0 4 1 .0 1 .131 .130
1 .9 5 .0 5 .9 8 6 .1 3 1 .1 3 6
1 .9 4 .0 6 .9 7 6 .1 3 1 .1 3 6
1 .9 3 .07 .520 .1 3 1 .1 3 6
1 .9 2 .08 .9 1 2 .1 3 1 .1 3 6
1 . 9 1 .0 9 .8 6 1 .1 3 1 .1 3 6
1 .9 0 .1 0 .8 7 1 .1 3 1 .133
1 . 8 5 .1 5 .848 .1 2 9 .1 2 9
1 .8 0 .2 0 .728 .1 2 9 .1 3 5
1 .7 5 .2 5 .643 .12 9 .1 3 8
1 .7 0 .30 .5 9 2 .129 .1 3 8
1 .6 0 .4 0 .498 .1 2 9 .1 3 8
1 .5 0 .50 .3 1 0 .1 2 9 .1 3 6





( f p s )
u 2
( f p s )
u i
( f p s )
ua
( f p s )
r i
( i n )
296 3 8 .7 4 6 . 7 3 . 8 9 3 . 1 6 2 . 0
297 3 8 .7 4 6 .7 3 . 8 9 3 .0 6 2 . 0
298 3 8 . 7 4 6 . 7 3 . 8 9 2 .9 7 2 . 0
299 3 8 .7 4 7 . 7 3 . 8 9 2 .9 7 2 .0
300 2 2 .8 2 7 .8 4 . 4 5 4 . 6 8 2 .4 9 0
301 2 2 .8 2 7 .8 4 . 4 5 4 . 5 9 2 .4 9 0
302 2 2 .8 2 9 .8 4 . 6 1 4 . 5 9 2 .4 9 0
303 2 2 .8 3 0 .8 4 . 6 1 4 . 4 0 2 .4 9 0
304 2 2 .8 3 0 . 8 4 . 6 1 4 .3 0 2 .4 9 0
305 2 2 .8 3 1 .8 4 . 6 1 4 .3 0 2 .4 9 0
306 2 2 .8 3 2 .8 4 . 6 1 4 . 3 0 2 .4 9 0
307 2 2 .8 3 3 .8 4 . 6 1 4 . 3 0 2 .4 9 0
308 2 2 .8 3 4 .8 4 . 6 1 4 . 2 2 2 .4 9 0
309 2 2 .8 3 5 .7 4 . 6 1 4 .1 3 2 ,4 9 0
310 2 2 .8 3 8 .8 4 . 6 1 4 . 1 3 2 .4 9 0
311 2 2 .8 4 0 . 7 4 . 6 1 4 . 1 3 2 .4 9 0
312 2 2 .8 4 2 .7 4 . 6 1 3 . 9 6 2 .4 9 0
313 2 2 .8 4 3 .7 4 . 6 1 3 .8 6 2 .4 9 0
314 2 2 .8 4 3 .7 4 . 6 1 3 .7 8 2 .4 9 0
315 2 2 .8 4 4 .7 4 . 6 1 3 . 6 8 2 .4 9 0
316 2 2 .8 4 5 .7 4 . 6 1 3 .5 9 2 .4 9 0
317 2 2 .8 4 6 .7 4 . 6 1 3 . 4 2 2 .4 9 0
318 4 9 . 7 4 9 .7 1 . 9 1 1 .9 0 .0 2 5
319 4 9 .7 4 9 .7 1 . 9 1 1 .9 4 .0 5 0
320 4 9 .7 4 9 .7 1 . 9 1 1 . 9 4 .0 7 5
r 2
( i n )
y
( i n )
Ry
( i n )
\ 2
( i n )
1 .3 0 .70 .2 2 6 .127 .1 24
1 .2 0 .80 .193 .127 .120
1 .1 0 .90 .122 .126 .115
1 . 0 1 . 0 .087 .126 .120
2 .4 5 0 .0 4 .747 .0 7 4 .0 9 4
2 .4 4 0 .0 5 .728 .0 7 4 .093
2 .4 3 0 .0 6 .677 .077 .098
2 .4 2 0 .07 .623 .077 .098
2 .4 1 0 .0 8 .5 41 .077 .096
2 .4 0 0 .0 9 .5 0 2 .077 .099
2 .3 9 0 .1 0 .4 9 1 .077 .102
2 .3 4 0 .15 .4 26 .077 .105
2 .2 9 0 .20 .390 .077 .1 0 6
2 .2 5 0 .2 5 .3 42 .077 .107
2 .1 9 0 .30 .3 30 .077 .117
2 .0 9 0 .40 .2 8 4 .077 .119
1 .9 9 0 .5 0 .2 3 8 .077 .1 2 2
1 .8 9 0 .60 .178 .077 .1 2 2
1 .7 9 0 .70 .118 .077 .120
1 .6 9 0 .8 0 .0 7 4 .077 .120
1 .5 9 0 .90 .0 4 5 .077 .11 9
1 .4 9 0 1 .0 0 .0 16 .077 .1 1 6
- . 0 2 5 .0 5 .9 4 4 .088 .088
- . 0 5 0 .1 0 .817 .088 .09 0





( f p s )
u2
( f p s )
321 4 9 .7 4 9 .7
322 4 9 .7 4 9 .7
323 4 9 .7 4 9 .7
324 4 9 .7 4 9 .7
325 4 9 .7 4 9 .7
326 4 9 .7 4 9 .7
327 4 9 .7 4 9 .7
328 4 9 .7 4 9 .7
329 4 9 .7 4 9 .7
330 4 9 .7 4 9 .7
331 4 9 .7 4 9 .7
332 4 9 .7 4 9 .7
333 4 9 . 7 4 9 . 7
334 4 9 .7 4 9 . 7
u i
( f p s )
u 2
t f p s )
r i
( i n )
1 . 9 1 1 .9 0 .10
1 . 9 4 1 . 9 4 .1 25
1 .9 9 1 .9 9 .1 5 0
1 .9 9 1 .9 9 .1 7 5
2 .0 3 2 .0 3 .2 00
2 .0 7 2 .0 3 .2 25
2 . 1 1 2 .0 8 .250
2 . 1 1 2 .0 8 .2 75
2 . 1 1 2 . 0 8 .3 0 0
2 .1 5 2 . 1 2 .3 25
2 .1 8 2 . 1 2 .350
2 .1 8 2 . 1 2 .400
2 . 2 2 2 .1 8 .4 50








( i n )
- . 1 0 .2 0 .5 6 1 .087 .087
- . 1 2 5 .25 .460 .090 .090
- . 1 5 0 .30 .398 .09 1 .0 92
- . 1 7 5 .35 .330 .0 91 .0 92
- . 2 0 0 .4 0 .249 .0 92 .0 92
- . 2 2 5 .4 5 .183 .0 9 4 .0 92
- . 2 5 0 .50 .1 3 4 .0 96 .09 5
- . 2 7 5 .5 5 .067 .0 96 .09 5
- . 3 0 0 .6 0 .041 .096 .095
- . 3 2 5 .6 5 0 .0 9 6 .0 9 6
- . 3 5 0 .70 0 .097 .095
- . 4 0 0 .80 - . 0 2 7 .097 .095
- . 4 5 0 .90 - . 0 4 1 .097 .096
- . 5 0 0 1 .0 0 - . 0 3 8 .100 .100
100
TABLE VI RESULTS FROM TURBULENCE MEASUREMENTS




( f p s )
u 2
( f p s )
U ' i
( f p s )
uk
( f p s )
r i
( i n )
r 2
( i n )
y
( i n )
Fy
( i n )
Xo
( i n )
339 6 9 .5 6 9 .6 2 .6 6 2 .6 3 0 ’ - . 0 4 . 0 4 .925 ,138 .136
340 6 9 .5 6 9 . 6 2 .6 6 2 .6 3 0 - . 0 5 .0 5 .9 1 4 .132 .1 3 2
341 6 9 . 5 6 9 . 6 2 .6 6 2 .6 3 0 - .  06 .0 6 .9 02 .1 3 2 .1 3 2
342 6 9 . 5 6 9 . 6 2 .6 6 2 .6 3 0 - . 0 7 .07 .8 61 .138 .1 3 6
343 6 9 . 5 6 9 . 6 2 .6 6 2 .6 3 0 - . 0 8 .0 8 .84 8 .138 .1 3 6
344 6 9 . 5 6 9 .6 2 . 6 6 2 .6 0 0 - . 0 9 .09 .81 9 .138 .1 3 4
345 6 9 . 5 6 9 . 6 2 . 6 6 2 .6 0 0 - . 1 0 .1 0 .8 0 4 .1 3 4 .1 3 1
346 6 9 .5 6 9 .6 2 ,6 6 2 .6 0 0 - . 1 5 .1 5 .658 .145 .1 4 0
347 6 9 .5 6 9 .6 2 .6 6 2 .6 0 0 - . 2 0 .20 .558 .1 41 .137
348 6 9 . 5 6 9 .6 2 .6 6 2 .6 0 0 - . 2 5 .2 5 .4 40 .138 .1 3 4
349 6 9 . 5 6 8 .6 2 .6 6 2 . 7 4 0 - . 3 0 .3 0 .4 0 2 .1 4 4 .1 4 6
350 6 9 .5 6 8 .6 2 .6 6 2 . 7 4 0 - . 4 0 .40 .290 .1 4 4 .1 4 6
351 6 9 .5 6 8 .6 2 .6 6 2 . 7 4 0 - . 5 0 .50 .1 85 .1 4 4 . 146
352 6 9 .5 6 8 .6 2 .6 6 2 . 9 6 0 - . 6 0 .60 .1 2 4 .1 4 4 .157
353 6 9 .5 6 8 . 6 2 . 6 6 3 . 1 1 0 - . 7 0 .7 0 .0 4 0 . 144 .1 6 5
354 6 9 .5 6 7 .6 2 . 6 6 3 . 1 5 0 - . 8 0 .80 .0 2 1 .1 4 4 .16 5
355 6 9 .5 6 7 .6 2 .6 6 3 . 4 2 0 - . 9 0 .9 0 0 .148 .1 8 4
356 6 9 .5 6 7 .6 2 . 6 6 3 . 5 2 0 - 1 . 0 1 . 0 - . 0 2 .148 .1 88
357 6 8 .5 6 8 .6 3 . 2 6 3 . 2 5 .5 0 .4 6 .0 4 .9 2 9 .170 .1 7 1
358 6 8 .5 6 8 .6 3 . 2 6 3 . 2 5 .5 0 .4 5 .0 5 .9 19 .170 .1 7 1
359 6 8 . 5 6 8 .6 3 . 2 6 3 . 2 5 .5 0 .4 4 .0 6 .8 8 4 .170 .1 7 1
360 6 8 .5 6 8 . 6 3 . 2 6 3 . 2 5 .5 0 .4 3 .0 7 .8 4 2 .170 .1 71
361 6 8 .5 6 8 . 6 3 . 2 6 3 .2 5 .5 0 .4 2 .08 .8 0 6 .1 6 6 .16 8
362 6 8 .5 6 8 . 6 3 . 2 6 3 . 2 5 .5 0 .4 1 .0 9 .798 .1 6 6 .168






( f p s )
tra
( f p s )
364 6 8 .5 6 8 . 6
365 6 8 .5 6 9 . 6
366 6 8 .5 6 9 . 6
367 6 8 .5 6 9 . 6
368 6 8 .5 6 9 . 6
369 6 8 .5 6 9 . 6
370 6 8 .5 6 9 .6
371 6 8 .5 6 8 . 6
372 6 8 .5 6 8 .6
373 6 8 .5 6 8 . 6
374 6 6 .5 6 6 .6
375 6 6 .5 6 6 .6
376 6 6 .5 6 6 . 6
377 6 6 .5 6 6 .6
378 6 6 .5 6 6 .6
379 6 6 .5 6 6 .6
380 6 6 .5 6 6 .6
381 6 6 .5 6 6 .6
382 6 6 .5 6 7 .6
383 6 6 .5 6 7 .6
384 6 6 .5 6 8 .6
385 6 6 .5 6 8 .6
386 6 6 .5 6 8 .6
387 6 6 .5 6 9 .6
388 6 6 .5 6 9 .6
u{ u g r i  
( f p s )  ( f p s )  ( i n i
3 . 2 6 3 . 1 5 .5 0
3 . 2 6 3 .0 5 .5 0
3 . 2 6 2 . 9 6 .5 0
3 . 2 6 2 . 9 1 .5 0
3 . 2 6 2 .8 0 .5 0
3 . 2 6 2 .7 8 .5 0
3 . 2 6 2 .7 8 .5 0
3 . 2 6 2 .8 5 .50
3 . 2 6 2 .9 6 .5 0
3 . 2 6 3 . 0 5 .5 0
4 . 0 5 4 . 0 4 1 . 0
4 . 0 5 4 . 0 4 1 . 0
4 . 0 5 4 . 0 4 1 . 0
4 . 0 5 4 . 0 4 1 . 0
3 .9 7 3 .9 9 1 . 0
3 .9 7 3 .9 0 1 . 0
4 . 0 5 3 . 9 4 1 . 0
4 . 0 5 3 .8 5 1 . 0
4 . 0 5 3 .7 0 1 . 0
3 .9 7 3 .6 5 1 . 0
4 . 0 5 3 . 5 1 1 . 0
4 . 0 5 3 . 2 2 1 . 0
4 . 0 5 3 .0 7 1 . 0
4 . 0 5 2 .8 8 1 . 0
4 . 0 5 2 .7 8 1 . 0
r a y Ry Xi Xg
( i n )  ( i n ) ______________  ( i n )  ( i n )
.35 .1 5 .7 1 6 .1 6 6 .1 6 1
.3 0 .2 0 .6 42 .1 6 6 .1 5 8
.2 0 .3 0 .5 0 7 . 166 .1 5 4
.1 0 .4 0 .357 .1 6 6 .1 5 1
0 .50 .2 73 .1 6 6 .1 4 6
- . 1 0 .60 .1 2 8 .1 6 6 .143
- . 2 0 .70 .063 .1 6 6 .143
- . 3 0 .8 0 0 .1 6 6 .1 4 6
- . 4 0 .90 . - . 0 6 0 .1 6 6 .1 5 0
- . 5 0 1 . 0 - . 0 7 9 .1 6 6 .1 5 6
.9 6 .0 4 .950 .1 7 6 .1 7 5
.9 5 .0 5 .9 38 .180 .178
.9 4 .0 6 .85 6 .1 80 .178
.93 .07 .8 46 .180 .1 7 8
.9 2 .08 .8 32 .180 .180
.9 1 .0 9 .8 0 4 .180 .1 7 5
.9 0 .10 .7 72 .180 .1 7 4
.8 5 .1 5 .6 8 3 .180 .1 70
.8 0 .20 .5 72 .1 80 .167
.7 0 .3 0 .4 6 7 .1 76 .1 6 4
.6 0 .4 0 .369 .173 .1 5 4
.5 0 .5 0 .2 8 8 .180 .147
.4 0 .60 .220 .180 .140
.30 .7 0 .1 4 1 .180 .133






( f p s )
U 2
( f p s )
389 6 6 .5 6 9 .6
390 6 6 . 5 6 9 . 6
391 6 1 .5 6 1 . 6
392 6 1 .5 6 1 .6
393 6 1 .5 6 1 . 6
394 6 1 .5 6 1 . 6
395 6 1 .5 6 1 . 6
396 6 1 . 5 6 1 .6
397 6 1 .5 6 1 . 6
398 6 1 . 5 6 2 .6
399 6 1 . 5 6 4 . 6
400 6 1 .5 6 6 . 6
401 6 1 . 5 6 6 .6
402 6 1 .5 6 6 .6
403 6 1 .5 6 6 .6
404 6 1 .5 6 6 .6
405 6 1 .5 6 6 .6
406 6 1 .5 6 6 .6
407 6 1 .5 6 6 . 6
408 5 4 .6 5 4 .7
409 5 4 .6 5 4 .7
410 5 4 .6 5 4 .7
411 5 4 .6 5 4 .7
412 5 4 . 6 5 4 .7
413 5 4 . 6 5 4 .7
u l u a r i
( f p s ) ( f p s ) ( in ;
4 . 0 5 2 . 6 4 1 .0
4 . 0 5 2 . 5 4 1 .0
4 . 8 5 4 . 8 5 1 . 5
4 . 8 5 4 . 8 5 1 . 5
4 . 8 5 4 . 8 5 1 . 5
4 . 8 5 4 . 8 5 1 . 5
4 . 8 5 4 . 7 0 1 .5
4 . 8 5 4 . 6 1 1 .5
4 . 8 5 4 . 6 1 1 .5
4 . 8 5 4 . 5 2 1 .5
4 . 8 5 4 . 5 2 1 .5
4 . 8 5 4 . 4 2 1 .5
4 . 8 5 4 . 2 2 1 .5
4 . 8 5 4 . 0 4 1 . 5
4 . 8 5 3 . 9 4 1 . 5
4 . 8 5 3 . 7 5 1 . 5
4 . 8 5 3 . 3 6 1 . 5
4 . 8 5 3 .1 7 1 . 5
4 . 8 5 3 . 0 4 1 . 5
5 .5 6 5 . 5 5 2 . 0
5 .5 6 5 . 5 5 2 . 0
5 .5 6 5 . 5 5 2 . 0
5 .5 6 5 .5 5 2 . 0
5 .5 6 5 . 5 5 2 . 0




( i n )
Ry Ax
( i n )
Xa
( in )_
. 1 0 .90 .0 3 4 .1 8 4 . 125
0 1 . 0 0 .180 .118
1 . 4 6 .0 4 .8 9 2 .1 8 4 .183
1 . 4 5 .0 5 .883 .1 8 4 .183
1 . 4 4 .0 6 .8 7 4 .1 8 4 .182
1 .4 3 .07 .867 .180 .178
1 . 4 2 .0 8 .8 48 .1 8 4 .178
1 . 4 1 .0 9 .8 0 5 .1 8 4 .176
1 .4 0 .1 0 .7 57 .1 8 4 .1 7 4
1 .3 5 .1 5 .7 42 .180 .170
1 .3 0 .20 .6 82 .180 .175
1 .2 0 .3 0 . 564 .180 .178
1 .1 0 .40 .467 .1 8 4 .1 6 2
1 .0 0 .50 .385 .1 8 4 .1 5 5
.9 0 .6 0 .3 06 .1 8 4 .1 5 1
.8 0 .7 0 .1 9 6 .180 .1 4 1
.7 0 .80 .1 6 2 .1 8 0 .127
.6 0 .90 .0 98 .180 .1 1 9
.5 0 1 . 0 .087 .18 0 .1 0 4
1 . 9 6 .0 4 .848 .1 62 .1 6 2
1 .9 5 .0 5 .8 3 8 .1 6 2 .1 6 2
1 . 9 4 .0 6 .8 2 4 .1 6 2 ,1 6 2
1 .9 3 .07 .8 1 2 .1 62 .1 6 2
1 .9 2 .08 .8 12 .1 6 2 .1 6 2












421 54.6 62 .6
422 54.6 63.6
423 54.6 62.6






430 31.8 40 .8
431 31.8 41 .7
432 31.8 41 .7
433 31.8 45 .7
434 31.8 47 .7







( f p s )
r i
( i n )
5.48 5 .42 2 .0
5.48 5.42 2.0
5 .56 5.32 2.0
5.48 5.13 2.0
5.56 4 .92 2.0
5.48 4 .72 2.0
5.48 4 .62 2.0
5.48 4 .50 2.0
5.56 4 .20 2 .0
5.56 3 .91 2.0
5.48 3.86 2 .0
6.51 6.30 2.490
6 .51 6.30 2.490
6 .51 6.30 2.490
6.51 6 .11 2.490
6.51 5.92 2.490
6.51 5. 82 2.490
6.51 5 .92 2.490
6.51 5.92 2.490
6.51 6 .12 2.490
6.51 5.92 2.490
6.51 5 .92 2.490
6.51 5 .92 2.490
6.51 5 .74 2.490
6.51 5.52 2.490
1
r 2 y Ry x2
( i n ) ( i n ) ( i n ) ( i n )
1.90 .10 .767 .160 .159
1.85 .15 .710 .160 .165
1.80 .20 .628 .162 .165
1.70 .30 .545 .160 .162
1.60 .40 .397 .162 .158
1.50 .50 .338 .160 .154
1.40 .60 .303 .160 .156
1.30 .70 .196 .160 .153
1.20 .80 .147 .162 .145
1.10 .90 .123 .162 .133
1.0 1.0 .091 .160 .131
2.450 .04 .730 .071 .032
2.455 .035 .775 .072 .084
2.440 .05 .634 .071 .084
2.430 .06 .590 .071 .084
2.420 .07 .588 .071 .084
2.410 .08 .564 .071 .084
2.400 .09 .459 .071 .088
2.390 .10 .442 .071 .088
2.340 .15 .395 .071 .099
2.290 .20 .340 .071 .100
2.240 .25 .279 .071 .104
2.190 .30 .255 .071 .108
2.090 .40 .199 .071 .109






( f p s )
Ua
( f p s )
u i  
... (fpsJl
ua
( f p s )
r i
( i n )
439 3 1 . 8 5 4 .7 6 . 5 1 5 . 3 4 2 .4 9 0
440 3 1 .8 5 6 .7 6 . 5 1 4 . 9 7 2 .4 9 0
441 3 1 .8 6 1 .6 6 . 5 1 4 .9 7 2 .4 9 0
442 3 1 . 8 5 9 .6 6 . 5 1 4 .7 7 2 .4 9 0
443 3 1 .8 6 0 .6 6 .5 1 4 .7 7 2 .4 9 0
r  2 y Ry Xj. X2
( i n )  ( i n ) _________________ ( i n )  ( i n )
1 .8 9 0 .60 .139 .0 71 .1 0 4
1 .7 9 0 .7 0 .123 .0 7 1 .100
1 .6 9 0 .80 .0 9 9 .0 7 1 .108
1 .5 9 0 .90 .0 5 1 .07 1 .1 01





























TABLE VII. RESULTS FROM TURBULENCE MEASUREMENTS
Re = 40,000; UQ = 20 fps
Ui




( f p s )
ua
(fps!
1 9 .9 1 9 .9 . 645 .640
1 9 .9 1 9 .9 . 645 .640
1 9 .9 1 9 .9 .645 .640
1 9 .9 1 9 .9 . 645 . 640
1 9 .9 1 9 .9 . 645 .640
1 9 .9 1 9 .9 . 645 .640
1 9 .9 1 9 .9 .6 4 5 .640
1 9 .9 1 9 .9 .645 . 640
1 9 .9 1 9 .9 .645 .640
1 9 .9 1 9 .9 .645 .640
1 9 .9 1 9 . 9 .645 .7 1 6
1 9 .9 1 9 .9 .645 .738
1 9 .9 1 8 .9 . 645 .7 7 2
1 9 .9 1 8 .9 .645 .795
1 9 .9 1 8 .9 .645 .838
1 9 .9 1 8 .9 .645 .8 8 4
1 9 .9 1 9 .9 .745 .7 4 4
1 9 .9 1 9 .9 .7 4 5 .7 4 4
1 9 .9 1 9 .9 .745 .7 4 4
1 9 .9 1 9 .9 .745 .723
1 9 .9 1 9 .9 .745 .723
1 9 .9 1 9 .9 .745 .723
1 9 .9 1 9 .9 .745 .723
1 9 .9 1 9 .9 .7 4 5 .7 0 2
1 9 .9 1 9 .9 .7 4 5 .680
r i  r 2 y By
( i n )  ( i n )  ( I n ) _________
0 - . 0 4 .0 4 1 .0 0
0 - . 0 5 .0 5 1 .0 0
0 - . 0 6 .0 6 .963
0 - . 0 7 .07 . .903
0 - . 0 8 .08 .895
0 - . 0 9 .0 9 .883
0 - . 1 0 .1 0 .8 4 2
0 - . 1 5 .1 5 .740
0 - . 2 0 .2 0 .6 3 1
0 - . 3 0 -3 0 .400
0 - . 4 0 .40 .2 3 2
0 - . 5 0 .50 .130
0 - . 6 0 .6 0 .0 8 4
0 - . 7 0 .70 0
0 - . 8 0 .8 0 0
0 - . 9 0 .9 0 0
.50 .4 6 .0 4 1 .0 3
.50 , .4 5 .0 5 1 .0 2
.50 .4 4 .0 6 1 .0 0
.50 .43 .07 1 .0 2
.5 0 .4 2 .0 8 .992
.5 0 .4 1 .0 9 .9 52
.50 .4 0 .10 .890
.5 0 .3 5 .1 5 .808





T x  ' 
( f p s )
u 2
( f p s )
469 1 9 .9 1 9 .9
470 1 9 .9 1 9 .9
471 1 9 .9 1 9 .9
472 1 9 .9 1 9 .9
473 1 9 .9 1 9 .9
474 1 9 .9 1 9 .9
475 1 9 .9 1 9 .9
476 1 9 .9 1 9 .9
477 1 8 .9 1 8 .9
478 1 8 .9 1 8 .9
479 1 8 .9 1 8 .9
480 1 8 .9 1 8 .9
481 1 8 .9 1 8 .9
482 1 8 .9 1 8 .9
483 1 8 .9 1 8 .9
484 1 8 .9 1 8 .9
485 1 8 .9 1 8 .9
486 1 8 .9 1 8 .9
487 1 8 .9 1 8 .9
488 1 8 .9 1 9 .9
489 1 8 .9 1 9 .9
490 1 8 .9 1 9 .9
491 1 8 .9 1 9 .9
492 1 8 .9 1 9 .9
493 1 8 .9 1 9 .9
u i  ug r i
( f p s )  ( f p s )  ( in ) .
.7 4 5 .6 7 0 .50
.7 4 5 .638 .50
.7 4 5 .617 .50
.7 4 5 .617 .50
.7 4 5 .638 .50
.7 4 5 . 660 .5 0
.7 4 5 .6 8 0 .50
.7 4 5 .7 4 4 .50
.9 9 3 .9 9 4 1 . 0
.9 9 3 .9 9 4 1 .0
.9 9 3 .9 9 4 1 . 0
.9 9 3 .9 9 4 1 . 0
.9 9 3 .9 9 4 1 . 0
.9 9 3 .9 9 4 1 . 0
.9 9 3 .9 9 4 1 . 0
.993 .967 1 . 0
.993 .925 1 .0
.9 9 3 .903 1 . 0
.993 .8 4 2 1 . 0
.993 .805 1 .0
.993 .7 26 1 . 0
.993 .6 9 5 1 .0
.993 .6 6 2 1 . 0
.993 .6 3 9 1 . 0
.993 .6 3 9 1 .0
r 2 y Ry
( i n ) ______ ( i n ) _________
.20 .30 .472
.10 .40 .2 8 0
0 .50 .130
- . 1 0 .60 .088
- . 2 0 .70 0
- . 3 0 .80 - . 0 2 1
- . 4 0 .9 0 - . 0 4 1
- . 5 0 1 . 0 - . 1 0 0
.9 6 .0 4 1 .0 0
.9 5 .0 5 .987
.9 4 .0 6 .980
.9 3 .0 7 .972
.9 2 .0 8 .941
.9 1 .0 9 .900
.9 0 .10 .825
.8 5 .1 5 .7 4 1
.80 .2 0 .702
.7 0 .3 0 .558
.60 .4 0 .436
.5 0 .5 0 .2 9 1
.40 .6 0 .211
.3 0 .7 0 .1 52
.2 0 .8 0 .038
.1 0 .9 0 0





( f p s )
u 2
( f p s )
u i
( f p s )
U2
( f p s )
r i
( in!
494 1 6 .9 1 6 .9 1 .1 9 1 .1 8 1 .5
495 1 6 .9 1 6 .9 1 .1 9 1 .1 8 1 .5
496 1 6 .9 1 6 .9 1 .1 9 1 .1 8 1 . 5
497 1 6 .9 1 6 .9 1 .1 9 1 .1 8 1 .5
498 1 6 .9 1 6 .9 1 .1 9 1 .1 6 1 .5
499 1 6 .9 1 6 .9 1 .1 9 1 .1 4 1 .5
500 1 6 . 9 1 7 .9 1 .1 9 1 .1 2 1 .5
501 1 6 .9 1 7 .9 1 .1 9 1 .1 4 1 .5
502 1 6 .9 1 7 .9 1 .1 9 1 .1 4 1 .5
503 1 6 .9 1 8 .9 1 .1 9 1 .1 4 1 .5
504 1 6 .9 1 8 .9 1 .1 9 1 .1 4 1 .5
505 1 6 .9 1 8 .9 1 .1 9 1 .0 3 1 .5
506 1 6 .9 1 8 .9 1 .1 9 1 .0 0 1 .5
507 1 6 .9 1 9 .9 1 .1 9 .9 1 2 1 .5
508 1 6 .9 1 9 .9 1 .1 9 . .8 5 5 1 .5
509 1 6 .9 1 9 .9 1 .1 9 .798 1 .5
510 1 6 .9 1 9 .9 1 .1 9 .7 7 6 1 .5
511 1 5 .9 1 5 .9 1 .3 5 1 .3 5 2 .0
512 1 5 .9 1 5 .9 1 .3 5 1 .3 5 2 .0
513 1 5 .9 1 5 .9 1 .3 5 1 .3 5 2 . 0
514 1 5 .9 1 5 .9 1 .3 5 1 .3 5 2 .0
515 1 5 .9 1 5 .9 1 .3 5 1 .3 9 2 . 0
516 1 5 .9 1 5 .9 1 .3 5 1 .3 5 2 . 0
517 1 5 .9 1 5 .9 1 .3 5 1 .3 9 2 .0
518 1 5 .9 1 6 .9 1 .3 5 1 .3 9 2 . 0
( i n )
y Ry
( i n ) __________
1 .4 6
1 .4 5














.5 0  1.
1 .9 6  
1 .9 5  
1 . 9 4  
1 .9 3  
1 .9 2  
1 . 9 1  

























































( f p s )
u 2
( f p s )
u i
( f p s )
u 2
( f p s )
r i
( i n )
519 1 5 .9 1 6 .9 1 .3 5 1 .3 9 2 . 0
520 1 5 .9 1 6 .9 1 .3 3 1 . 2 6 2 . 0
521 1 5 .9 1 6 .9 1 .3 1 1 . 2 4 2 . 0
522 1 5 .9 1 7 .9 1 . 3 1 1 .1 9 2 . 0
523 1 5 .9 1 7 .9 1 . 3 1 1 .1 8 2 . 0
524 1 5 .9 1 7 .9 1 .3 1 1 .1 8 2 . 0
525 1 5 .9 1 7 .9 1 . 3 1 1 . 1 4 2 . 0
526 1 5 .9 1 7 .9 1 .3 1 1 .0 5 2 . 0
527 1 5 .9 1 7 .9 1 . 3 1 1 .0 0 2 . 0
528 7 . 9 9 .9 1 .9 5 1 . 9 4 2 .4 9 0
529 7 . 9 9 . 9 1 .9 5 1 .7 9 2 .4 9 0
530 7 . 9 8 . 9 1 .9 5 1 .8 9 2 .4 9 0
531 7 .9 1 0 .9 1 .9 5 1 .7 9 2 .4 9 0
532 7 .9 1 0 .9 1 .9 5 1 .7 2 2 .4 9 0
533 7 . 9 1 1 .9 1 .9 5 1 .7 2 2 .4 9 0
534 7 . 9 1 1 .9 1 .9 5 1 .6 7 2 .4 9 0
535 7 . 9 1 2 .9 1 .9 5 1 .5 4 2 .4 9 0
536 7 . 9 1 2 .9 1 .9 5 1 .5 0 2 .4 9 0
537 7 . 9 1 2 .9 1 .9 5 1 .5 0 2 .4 9 0
538 7 . 9 1 3 .9 1 .9 5 1 .4 6 2 .4 9 0
539 7 . 9 1 4 .9 1 .9 5 1 .4 6 2 .4 9 0
540 7 . 9 1 4 .9 1 .9 5 1 . 4 1 2 .4 9 0
541 7 . 9 1 5 .9 1 .9 5 1 .3 7 2 .4 9 0
542 7 . 9 1 5 .9 1 .9 5 1 .3 5 2 .4 9 0
543 7 . 9 1 5 .9 1 .9 5 1 .3 0 2 .4 9 0
r 2
( i n )
y
( i n )
1 .8 0 .2 0 .5 9 0
1 .7 0 .3 0 .4 6 5
1 .6 0 .4 0 .370
1 .5 0 .5 0 .3 3 1
1 . 4 0 .6 0 .2 2 6
1 .3 0 .7 0 .1 4 9
1 .2 0 .8 0 .1 0 1
1 . 1 0 .9 0 .0 8 4
1 . 0 1 . 0 .058
2 .4 5 0 .0 4 . 645
2 .4 4 0 .0 5 .563
2 .4 5 5 .0 3 5 .7 1 6
2 .4 3 0 .0 6 .445
2 .4 2 0 .0 7 .429
2 .4 1 0 .0 8 .3 7 9
2 .4 0 0 .0 9 .3 5 1
2 .3 9 0 .1 0 .345
2 .3 8 0 .1 1 .335
2 .3 6 0 .1 3 .280
2 .3 4 0 .1 5 .228
2 .2 9 0 .2 0 .193
2 .2 4 0 .2 5 .143
2 .1 9 0 .3 0 .109
2 .0 9 0 .4 0 .095






( f p s )
U2




* U2( f p s )
r i
( i n )
544 7 . 9 1 5 .9 1 .9 5 1 .3 0 2 .4 9 0
545 7 . 9 1 6 .9 1 .9 5 1 .2 8 2 .4 9 0
546 7 . 9 1 6 .9 1 .9 5 1 .2 5 2 .4 9 0
547 7 . 9 1 7 .9 1 .9 5 1 .2 1 2 .4 9 0
548 7 . 9 1 7 .9 1 .9 5 1 . 1 4 2 .4 9 0
r 2 y F
( i n )  ( i n )
1 .8 9 0 .6 0 .039
1 .7 9 0 .7 0 .040
1 .6 9 0 .8 0 .020
1 .5 9 0 .90 0





























TABLE VIII. RESULTS FROM TURBULENCE MEASUREMENTS
Re = 8,800; tf0 = 5 fps
Ui
( f p s )
u a
( f p s )
u i
( f p s )
u a
( f p s )
r i
( i n )
r 2
( i n )
y
( i n )
By
4 . 8 6 4 . 8 9 .2 4 4 .2 4 2 0 - . 0 4 .0 4 .9 3 4
4 . 8 6 4 . 8 9 .2 4 4 .2 4 2 0 - . 0 5 .0 5 .9 2 9
4 . 8 6 4 . 8 9 .2 4 4 .2 4 2 0 - . 0 6 .0 6 .9 2 1
4 . 8 6 4 . 8 9 .2 4 4 .2 4 2 0 - . 0 7 .0 7 .918
4 . 8 6 4 . 8 9 .2 4 4 .2 4 2 0 - . 0 8 .0 8 .913
4 . 8 6 4 . 8 9 .2 4 4 .2 4 2 0 - . 0 9 .0 9 .909
4 . 8 6 4 . 8 9 .2 4 4 .2 4 2 0 - . 1 0 .1 0 .903
4 . 8 6 4 . 8 9 .2 4 4 .2 4 2 0 - . 1 5 .1 5 .787
4 . 8 6 4 . 8 9 .2 4 4 .2 4 8 0 - .  20 .2 0 .6 3 4
4 . 8 6 4 . 8 9 .2 4 4 .2 4 8 0 - . 2 5 .2 5 .556
4 . 8 6 4 . 8 9 .2 4 4 .2 5 2 0 - . 3 0 .3 0 .457
4 . 8 6 4 . 8 9 .2 4 4 .2 5 6 0 - . 4 0 .40 .320
4 . 8 6 4 . 8 9 .2 4 4 .2 5 9 0 - . 5 0 .5 0 .178
4 . 8 6 4 . 8 9 .2 4 4 .2 6 2 0 - . 6 0 .60 .077
4 . 8 6 4 . 7 2 .2 4 4 .3 0 4 0 - . 7 0 .70 .039
4 . 8 6 4 . 7 2 .2 4 4 .3 1 0 0 - . 8 0 .80 0
4 . 8 6 4 . 5 5 .2 4 4 .3 4 0 0 - . 9 0 .90 0
4 . 8 6 4 . 5 5 .2 4 4 .3 40 0 - 1 . 0 1 .0 0
4 . 1 7 4 . 2 0 .3 4 8 .3 4 6 1 .0 .9 6 .0 4 .9 08
4 . 1 7 4 . 2 0 .3 4 8 .3 4 6 1 .0 .9 5 .0 5 .9 0 6
4 . 1 7 4 .3 7 .3 4 8 .3 4 6 1 .0 .9 4 .0 6 .903
4 .1 7 4 .3 7 .3 4 8 .3 3 9 1 . 0 .9 3 .0 7 .9 1 9
4 . 1 7 4 . 3 7 .3 4 8 .3 3 1 1 .0 .9 2 .0 8 .893
4 . 1 7 4 . 5 5 .3 4 8 .3 3 1 1 .0 .9 1 .0 9 .8 9 0






( f p s )
U2
( f p s )
u i
( f p s )
Us
( f p s )
r i
( i n )
575 4 .1 7 4 .5 5 .3 4 8 .3 1 9 1 . 0
576 4 . 1 7 4 .7 2 .3 4 8 .2 9 9 1 .0
577 4 .1 7 4 . 5 5 .3 4 8 .2 9 9 1 .0
578 4 .1 7 4 . 8 9 .3 4 8 .2 9 2 1 .0
579 4 .1 7 4 . 8 9 .3 4 8 .2 8 4 1 .0
580 4 .1 7 4 . 8 9 .3 4 8 .2 8 1 1 . 0
581 4 . 1 7 4 . 8 9 .3 4 8 .2 5 4 1 .0
582 4 .1 7 4 . 8 9 .348 .2 4 6 1 .0
583 4 .1 7 4 . 8 9 .3 48 .2 4 6 1 .0
584 4 . 1 7 4 . 8 9 .34 8 .2 4 6 1 .0
585 4 . 1 7 4 . 8 9 .3 4 8 .2 4 6 1 . 0
586 3 . 1 2 3 . 1 6 .5 1 5 .5 13 2 .0
587 3 . 1 2 3 . 1 6 .5 1 5 .5 13 2 . 0
588 3 . 1 2 3 . 1 6 .5 1 5 .5 13 2 . 0
589 3 . 1 2 3 . 1 6 .5 1 5 .513 2 .0
590 3 . 1 2 3 . 1 6 .515 .4 97 2 .0
591 3 . 1 2 3 .3 3 .5 1 5 .475 2 . 0
592 3 . 1 2 3 .3 3 .5 1 5 .4 6 8 2 .0
593 3 . 1 2 3 . 5 1 .515 .452 2 .0
594 3 . 1 2 3 .6 8 .515 .436 2 . 0
595 3 . 1 2 3 . 6 8 .5 1 5 .4 2 2 2 . 0
596 3 . 1 2 3 . 8 6 .515 .4 1 6 2 . 0
597 3 . 1 2 4 .0 3 .515 .4 16 2 . 0
598 3 . 1 2 4 . 2 0 .515 .3 9 1 2 . 0
599 3 . 1 2 4 .2 0 .5 1 5 .3 9 1 2 . 0
r 2 y R














1 . 9 4
1 .9 3
1 . 9 2
































































( f p s )
Ua
( f p s )
" u T
( f p s ) ( f p s )
r x
( i n )
600 3 .1 2 4 . 2 0 .5 1 5 .3 9 1 2 . 0
601 3 .1 2 4 .2 0 .5 1 5 .360 2 . 0
602 3 . 1 2 4 .2 0 .515 .34 6 2 . 0
603 3 .1 2 4 .2 0 .5 1 5 .3 4 6 2 . 0
604 <v0 ^0 .3 4 8 .6 5 2 2 .4 9 0
605 ^ 0 7 0 5 .3 4 8 .7 4 0 2 .4 9 0
606 ^o 0 . 3 9 .3 4 8 .7 8 5 2 .4 9 0
605 ^ 0 . 7 4 .3 4 8 .887 2 .4 9 0
608 <v0 1 .2 6 .3 4 8 .887 2 .4 9 0
609 <\<0 1 . 6 1 .3 4 8 .9 1 8 2 .4 9 0
610 <\<0 1 .9 5 .3 4 8 .9 1 8 2 . 4 9 0
611 'N/0 2 .1 3 .3 4 8 .8 2 8 2 .4 9 0
612 'vO 2 .4 7 .3 4 8 .7 1 0 2 .4 9 0
613 <V»0 2 .8 2 .3 4 8 .6 8 0 2 .4 9 0
614 'V.O 3 . 1 6 .3 4 8 .6 5 1 2 .4 9 0
615 \i0 3 . 1 6 .3 4 8 .5 9 2 2 .4 9 0
616 <\»0 3 .3 3 .3 4 8 .5 3 2 2 .4 9 0
617 r̂ O 3 . 3 3 .3 4 8 .5 0 3 2 .4 9 0
618 >v0 3 . 5 1 .3 4 8 .4 7 3 2 .4 9 0
619 >V>0 3 .6 8 .3 4 8 .4 5 9 2 .4 9 0
620 <\»0 3 . 8 6 .3 4 8 .4 1 4 2 .4 9 0
621 »v>0 4 . 0 3 .3 4 8 .3 8 5 2 .4 9 0
( i n )  ( i n )
1 .3 0 .7 0 .1 1 6
1 .2 0 .8 0 .0 2 5
1 .1 0 .9 0 .010
1 . 0 1 .0 0
2 .4 5 0 . 0 4 1 .0 8
2 .4 4 0 .0 5 .8 5 0
2 .4 3 0 .0 6 .7 0 4
2 .4 2 0 .0 7 .5 4 1
2 .4 1 0 . 0 8 ,4 0 0
2 .4 0 0 .0 9 .3 4 8
2 .3 9 0 .1 0 .337
2 .3 4 0 .1 5 .1 7 1
2 .2 9 0 .2 0 .1 4 2
2 .2 5 0 .2 5 .1 1 4
2 .1 9 0 .3 0 .0 4 5
2 .0 9 0 .4 0 0
1 .9 9 0 .5 0 0
1 .8 9 0 .6 0 0
1 .7 9 0 .7 0 0
1 .6 9 0 .8 0 0
1 .5 9 0 .9 0 0
1 .4 9 0 1 . 0 0
TABLE IX. RESULTS FRO
Re = 2,920;
Run ~  \T2 u i  u |
No. ( f p s )  ( f p s )  ( f p s )  ( f p s )
623 2 .0 0 1 .9 8 .108 .107
624 2 .0 0 1 .9 8 .108 .107
625 2 .0 0 1 .9 8 .1 0 8 .107
626 2 .0 0 1 .9 8 .108 .107
627 2 .0 0 1 .9 8 .108 .107
628 2 .0 0 1 .9 8 .108 .107
629 2 .0 0 1 .9 8 .108 .109
630 2 .0 0 1 .9 8 .1 0 8 .109
631 2 .0 0 1 .9 8 .108 .109
632 2 .0 0 1 .9 8 .108 .1 1 6
633 2 .0 0 1 .9 8 .108 .1 2 2
634 2 .0 0 1 .8 6 .108 .1 2 6
635 2 .0 0 1 .8 6 .108 .1 2 6
636 2 .0 0 1 .8 6 .1 0 8 .1 3 4
637 2 .0 0 1 .7 5 .1 0 8 .1 4 1
638 2 .0 0 1 .9 8 .108 .1 2 2
639 2 .0 0 1 .9 8 .1 1 1 .1 2 2
640 2 .0 0 1 .9 8 .1 1 2 .1 2 2
641 2 .0 0 1 .9 8 . 1 1 4 .1 2 2
642 2 .0 0 1 ,9 8 .1 1 9 .1 2 2
643 2 .0 0 1 .9 8 .1 1 9 .1 2 2
644 2 .0 0 1 .9 8 .1 2 3 .1 2 2
645 1 .8 9 1 .9 8 .1 3 6 .1 2 2
646 1 .8 9 1 .9 8 .1 4 1 .1 2 2
647 1 .8 9 1 .9 8 .1 4 1 .1 2 2
TURBULENCE MEASUREMENTS
U0 = 2 fps
r i  r 2 y R
( i n )  ( i n )  ( i n )
0 - . 0 4 .0 4 .9 8 2
0 - . 0 6 .0 6 .9 8 2
0 - . 0 8 .0 8 .9 7 2
0 - . 1 0 .1 0 .970
0 - . 1 5 .1 5 .9 1 6
0 - . 2 0 .2 0 .8 3 1
0 - . 2 5 .2 5 .7 9 2
0 - . 3 0 .3 0 .6 6 4
0 - . 4 0 .4 0 .4 8 3
0 - . 5 0 .5 0 .2 8 6
0 - . 6 0 .6 0 .1 1 1
0 - . 7 0 .7 0 .055
0 - . 8 0 .8 0 0
0 - . 9 0 .9 0 - . 0 5 3
0 - 1 . 0 1 . 0 - . 0 6 5
05 0 .0 5 .9 8 5
075 0 .0 7 5 .957
10 0 .1 0 .8 9 5
15 0 .1 5 .8 6 5
20 0 .2 0 .7 4 1
25 0 .2 5 .675
30 0 .3 0 .5 5 6
40 0 .4 0 .337
50 0 .5 0 .233




No. ( f p s )  ( f p s )
648 1 .8 9 1 .9 8
649 1 .8 9 1 .9 8
650 1 .7 8 1 .9 8
651 1 .7 8 1 .9 8
652 1 .7 8 1 .7 5
653 1 .7 8 1 .7 5
654 1 .7 8 1 .7 5
655 1 .7 8 1 .7 5
656 1 .7 8 1 .7 5
657 1 .7 8 1 .8 6
658 1 .7 8 1 .9 7
659 1 .7 8 1 .9 7
660 1 .7 8 1 .9 7
661 1 .7 8 1 .9 7
662 1 .7 8 1 .9 7
663 1 .7 8 1 .9 7
664 1 .7 8 1 .9 7
665 1 .7 8 1 .9 7
666 1 .7 8 1 .9 7
667 1 .6 6 1 .6 4
668 1 .6 6 1 .7 5
669 1 .5 5 1 .7 5
670 1 .5 5 1 .7 5
671 1 .5 5 1 .7 5
672 1 .5 5 1 .7 5
u i
( f p s )
U2
( f p s )
r i
( i n )
.1 4 1 .108 .7 0
.143 .1 0 8  * .8 0
.148 .108 .9 0
.1 5 2 .108 1 .0
.1 5 2 .1 5 2 1 .0
.1 5 2 .1 5 2 1 .0
.1 5 2 .1 5 2 1 . 0
.1 5 2 .147 1 .0
.1 5 2 .1 4 2 1 .0
.1 5 2 .137 1 .0
.1 5 2 .137 1 .0
.1 5 2 .1 33 1 .0
.1 5 2 .128 1 .0
.1 5 2 .1 1 9 1 .0
.1 5 2 .1 1 1 1 .0
.1 5 2 .1 0 8 1 .0
.1 5 2 .1 0 8 1 .0
.1 5 2 .1 0 6 1 .0
.1 5 2 .1 0 6 1 .0
.1 5 7 .1 5 4 1 .0 5
.1 5 9 .1 5 4 1 .0 7 5
.1 6 1 .1 5 4 1 .1 0
.1 6 6 .1 5 4 1 .1 5
.170 .1 5 4 1 .2 0
.179 .1 5 4 1 .2 5
r 2 y Rv
( i n )  ( i n ) ___________
0 .7 0  .0 6 0
0 .8 0  - . 0 1 5
0 .9 0  - . 0 4 4
0 1 .0  - . 0 5 7
.9 6  . 0 4  1 .0 3
. 9 4  .0 6  1 .0 2
.9 2  .0 8  1 .0 0
.9 0  .1 0  1 .0 0
.8 5  .1 5  .922
.8 0  .2 0  .902
.7 5  .2 5  .770
.7 0  .3 0  .640
.6 0  .4 0  .423
.5 0  .5 0  .367
.4 0  .6 0  .229
.3 0  .7 0  .103
.2 0  .8 0  0
.1 0  .9 0  0
0 1.00  0
1 .0 0  .0 5  1 .0 3
1 .0 0  .0 7 5  .972
1 1 .0 0  .1 0  .922
1 .0 0  .1 5  .862
1 .0 0  .2 0  .760






( f p s )
U2
( f p s )
u i
( f p s )
u a
( f p s )
r i
( i n )
673 1 .5 5 1 .7 5 .1 8 4 .1 5 4 1 .3 0
674 1 . 4 4 1 .7 5 .1 8 8 .1 5 4 1 .4 0
675 1 .4 4 1 .7 5 .1 9 7 .1 5 4 1 .5 0
676 1 .3 3 1 .7 5 .2 0 6 .1 5 4 1 .6 0
677 1 .3 3 1 .7 5 .2 1 5 .1 5 4 1 .7 0
678 1 .2 2 1 .7 5 .2 1 5 .1 5 4 1 .8 0
679 1 .1 0 1 .7 5 .2 2 4 .1 5 4 1 .9 0
680 1 .1 0 1 .7 5 .2 4 2 .1 5 4 2 .0 0
681 1 .3 3 1 .3 0 .1 97 .1 9 1 1 .5 0
682 1 .3 3 1 .3 0 .197 .1 9 1 1 .5 0
683 1 .3 3 1 .3 0 .197 .1 7 5 1 .5 0
684 1 . 3 3 1 .4 1 .197 .1 7 1 1 .5 0
685 1 .3 3 1 .4 1 .197 .1 7 1 1 .5 0
686 1 .3 3 1 .4 1 .197 .1 6 3 1 .5 0
687 1 .3 3 1 .5 2 .197 .1 5 4 1 .5 0
688 1 .3 3 1 .5 2 .1 9 7 .1 5 1 1 .5 0
689 1 .3 3 1 .5 2 .197 .147 1 .5 0
690 1 .3 3 1 .5 2 .1 9 7 .1 4 4 1 .5 0
691 1 .3 3 1 .5 2 .197 .1 4 4 1 .5 0
692 1 .3 3 1 .5 2 .1 9 7 .1 4 4 1 .5 0
693 1 .3 3 1 . 6 4 .197 .1 3 9 1 .5 0
694 1 .3 3 1 .6 4 .197 .1 3 0 1 .5 0
695 1 .3 3 1 .6 4 .197 .1 2 4 1 .5 0
696 1 .3 3 1 .3 0 .2 0 1 .1 9 7 1 .5 5
697 1 .3 3 1 .3 0 .2 2 4 .197 1 .5 7 5
r 2
( i n )
y
( i n )
Ry
1 .0 0 .3 0 .490
1 .0 0 .4 0 .4 4 4
1 .0 0 .5 0 .3 0 1
1 .0 0 .6 0 .2 16
1 .0 0 .7 0 .113
1 .0 0 .8 0 .017
1 .0 0 .9 0 - . 0 3 2
1 .0 0 1 .0 0 - . 0 4 7
1 .4 6 . 0 4 .8 91
1 . 4 4 .0 6 .887
1 .4 2 .0 8 .9 31
1 .4 0 .10 .857
1 .3 5 .1 5 .8 2 4
1 .3 0 .2 0 .725
1 .2 5 .2 5 .6 8 2
1 .2 0 .3 0 .648
1 .1 0 .4 0 .455
1 .0 0 .5 0 .343
.9 0 .6 0 .3 2 6
.8 0 .7 0 .2 5 4
.7 0 .8 0 .1 5 2
.6 0 .9 0 0
.50 1 .0 0 0
1 .5 0 .0 5 .8 8 3





( f p s )
“ H f
( f p s )
u {
( f p s )
Us
( f p s )
r i
( i n )
698 1 . 2 2 1 .3 0 .2 2 4 .197 1 .6 0
699 1 .2 2 1 .3 0 .233 .197 1 .6 5
700 1 .2 2 1 .3 0 .2 3 3 .1 9 7 1 .7 0
701 1 . 2 2 1 .3 0 .2 4 2 .197 1 .8 0
702 1 .2 2 1 .3 0 .2 6 9 .197 1 .9 0
703 1 . 1 1 1 .3 0 .2 8 7 .197 2 .0 0
704 1 .1 1 1 .3 0 .305 .1 9 7 2 .1 0
705 0 . 9 8 1 .3 0 .3 0 5 .1 9 7 2 .2 0
706 0 . 6 6 1 .3 0 .3 0 5 .197 2 .3 0
707 ^ 0 1 .3 0 .2 6 9 .197 2 .4 0
708 1 .1 1 1 .0 7 .2 6 9 .2 6 8 2 .0 0
709 1 .1 1 1 .0 7 .2 6 9 .2 6 8 2 .0 0
710 1 .1 1 1 .0 7 .2 6 9 .2 5 9 2 .0 0
711 1 .1 1 1 .0 7 .2 6 9 .2 5 3 2 .0 0
712 1 .1 1 1 .1 9 .2 6 9 .2 3 8 2 .0 0
713 1 .1 1 1 .3 0 .269 .228 2 .0 0
714 1 .1 1 1 .3 0 .269 .209 2 . 0 0
715 1 .1 1 1 .3 0 .269 .1 9 9 2 .0 0
716 1 . 1 1 1 .3 0 .2 6 9 .1 7 9 2 . 0 0
717 1 . 1 1 1 .3 0 .269 .1 7 4 2 . 0 0
718 1 . 1 1 1 . 3 0 .3 6 9 .1 7 0 2 .0 0
719 1 .1 1 1 . 4 1 .2 6 9 .1 6 4 2 . 0 0
720 1 . 1 1 1 . 4 1 .2 6 9 .1 5 4 2 .0 0
721 1 . 1 1 1 . 4 1 .2 6 9 .1 4 9 2 . 0 0
722 <\*0 'oQ .0 3 2 .0 6 8 2 .4 9 0
r a y Ry










1 .5 0  
1 . 9 6  
1 . 9 4  
1 . 9 2  
1 . 9 0  
1 . 8 5  
1 . 8 0  
1 .7 0  
1 .6 0
1 .5 0  
1 .4 0  
1 .3 0  
1.20  
1.10
1.00  1. 
2 .4 5 0
.7 05  
. 656 





- . 0 2 3  
- . 0 2 4  
- . 0 2 5  
.7 4 2  
.735  
.6 9 1  
.6 6 4  
.6 6 4  
.638  
.473  
.3 19  
.203  
.1 18  































Run Ui U2 u l  u i  r j .
No. ( f p s )  ( f p s )  ( f p s ) .  _ ( f p s )  ( i n )
723 'uO ^ 0  .0 3 2  .07 7  2 .4 9 0
724 ~0  ~0 .0 3 2  .0 8 1  2 .4 9 0
725 ~0 ~0  .0 3 2  .0 9 0  2 .4 9 0
726 ~0 -vO .0 3 2  .1 1 3  2 .4 9 0
727 ~0  . 0 6  .0 3 2  .1 8 1  2 .4 9 0
728 ~0  .3 9  .0 3 2  .2 0 3  2 .4 9 0
r 2 y  Ry
( i n )  ( i n ) __________
2 .4 4 0 .0 5 .5 7 4
2 .4 3 0 .0 6 .493
2 .4 1 0 .0 8 .5 7 4
2 .3 9 0 .1 0 .215
2 .3 4 0 .1 5 0





























TABLE X. RESULTS FROM TURBULENCE MEASUREMENTS
Re = 8,720; UQ = 5 fps
( f p s )
U2
( f p s )
u i
( f p s )
Ua
( f p s )
r i
( i n )
r 2
( i n )
y
( i n )
Ry
4 . 9 2 4 . 9 1 .1 6 6 .1 6 6 .05 0 .0 5 .980
4 . 9 2 4 . 9 1 .1 6 6 .166 .075 0 .0 75 .9 7 4
4 . 9 2 4 . 9 1 .1 6 8 .1 6 6 .10 0 .1 0 .953
4 . 9 2 4 . 9 1 .1 7 0 .1 6 6 .15 0 .1 5 .890
4 . 9 2 4 . 9 1 .1 7 9 .1 66 .20 0 .2 0 .727
4 . 9 2 4 . 9 1 .1 7 9 . 166 .25 0 .2 5 .680
4 . 9 2 4 . 9 1 .1 8 8 .1 6 6 .30 0 .3 0 .552
4 . 9 2 4 . 9 1 .197 .1 6 6 .40 0 . 40 .4 0 4
4 . 8 0 4 . 9 1 .2 0 2 .1 6 6 .5 0 0 .5 0 .282
4 . 8 0 4 . 9 1 .2 0 6 .1 6 6 .60 0 .6 0 .158
4 . 8 0 4 . 9 1 .2 1 5 .1 6 6 .70 0 .7 0 .0 3 4
4 . 8 0 4 . 9 1 .2 2 4 .1 6 6 .80 0 .8 0 0
4 . 6 9 4 . 9 1 .2 4 2 .1 6 6 .90 0 .9 0 - . 0 3 2
4 . 6 9 4 . 9 1 .2 5 1 .1 66 1 .0 0 0 1 .0 0 - . 0 4 5
4 . 6 9 4 . 6 9 .2 5 1 .249 1 .0 5 1 .0 0 .0 5 .900
4 . 6 9 4 . 6 9 .2 6 0 .249 1 .0 7 5 1 . 0 0 .0 7 5 .862
4 . 6 9 4 . 6 9 .2 6 0 .249 1 .1 0 1 .0 0 .1 0 .850
4 . 6 9 4 . 6 9 .2 6 4 .249 1 .1 5 1 .0 0 .1 5 .800
4 . 6 9 4 . 6 9 .278 .249 1 .2 0 1 .0 0 .2 0 .659
4 . 5 8 4 . 6 9 .278 .249 1 .2 5 1 .0 0 .2 5 .556
4 . 5 8 4 . 6 9 .282 .249 1 .3 0 1 .0 0 .3 0 .5 0 4
4 . 5 8 4 . 6 9 .2 9 6 .2 49 1 .4 0 1 .0 0 .4 0 .348
4 .4 7 4 . 6 9 .300 .249 1 .5 0 1 .0 0 .5 0 .249
4 . 3 6 4 . 6 9 .1 4 .2  9 1 .6 0 1 .0 0 .6 0 .192




No. ( f p s )  ( f p s )
756 4 . 1 3 4 . 6 9
757 4 . 0 2 4 .6 9
758 4 .0 2 4 .6 9
759 4 .4 7 4 . 4 6
760 4 . 3 6 4 . 4 6
761 4 . 2 4 4 . 4 6
762 4 . 2 4 4 . 4 6
763 4 . 2 4 4 . 4 6
764 4 . 1 3 4 . 4 6
765 4 . 0 2 4 . 4 6
766 4 . 0 2 4 . 4 6
767 3 .8 0 4 . 4 6
768 3 .8 0 4 . 4 6
769 3 .5 7 4 . 4 6
770 3 , 0 1 4 . 4 6
771 2 . 3 4 4 . 4 6
772 1 . 2 2 4 . 4 6
u i  u 2 r i
( f p s )  ( f p s )  ( i n )
.3 3 2 .2 4 9 1 .8 0
.3 4 0 .2 4 9 1 .9 0
.3 5 8 .2 4 9 2 .0 0
.3 0 0 .3 0 0 1 .5 5
.3 0 4 .3 0 0 1 .5 7 5
.3 0 9 .3 0 0 1 .6 0
.3 1 4 .3 0 0 1 .6 5
.323 .3 0 0 1 .7 0
.3 3 2 .3 0 0 1 .7 5
.3 3 2 .3 0 0 1 .8 0
.3 4 0 .3 0 0 1 .9 0
.3 5 8 .300 2 .0 0
.3 9 4 .300 2 .1 0
.4 4 8 .300 2 .2 0
.538 .300 2 .3 0
.627 .300 2 .4 0
.5 9 1 .300 2 .4 5
r 2
( i n )
y
































- . 0 3 4  
- . 0 1 6  















































TABLE XI. RESULTS FROM TURBULENCE MEASUREMENTS
Re = 210,000; UQ = 100 fps
Oa u i
( f p s ) ( f p s ) ( f p s )
9 8 .0 9 8 .0 3 . 1 8
9 8 .0 9 8 . 0 3 . 1 8
9 8 .0 9 8 . 0 3 .2 3
9 8 .0 9 8 .0 3 .2 3
9 8 .0 9 8 . 0 3 . 3 1
9 8 .0 9 8 .0 3 . 3 1
9 8 .0 9 8 .0 3 .3 9
9 8 .0 9 8 . 0 3 . 4 6
9 7 . 0 9 8 .0 3 . 5 4
9 6 .0 9 8 .0 3 .7 7
9 5 .0 9 8 . 0 3 . 9 4
9 4 .0 9 8 . 0 4 . 0 9
9 3 . 1 9 8 .0 4 .1 7
9 3 . 1 9 8 .0 4 . 2 5
9 3 . 1 9 3 .1 4 . 2 5
9 3 . 1 9 3 . 1 4 . 2 5
9 2 . 1 9 3 . 1 4 . 2 5
9 2 , 1 9 3 . 1 4 . 2 5
9 1 . 1 9 3 . 1 4 . 3 3
9 1 . 1 9 3 . 1 4 . 4 1
9 0 . 1 9 3 . 1 4 . 5 7
8 9 . 1 9 3 . 1 4 . 7 2
8 8 . 1 9 3 . 1 4 , 8 0
8 6 . 2 9 3 . 1 4 . 8 8
8 5 . 2 9 3 .1 4 . 9 6
Us r i r
( f p s ) ( i n ) <ii
3 .0 7 .0 5 0
3 .0 7 .0 75 0
3 .0 7 .1 0 0
3 . 0 7 .1 5 0
3 .0 7 .2 0 0
3 . 0 7 .2 5 0
3 .0 7 .3 0 0
3 . 0 7 .4 0 0
3 .0 7 .5 0 0
3 .0 7 .6 0 0
3 . 0 7 .7 0 0
3 . 0 7 .8 0 0
3 . 0 7 .9 0 0
3 .0 7 1 .0 0
4 . 2 4 1 .0 5 1 .0
4 . 2 4 1 .0 7 5 1 . 0
4 . 2 4 1 .1 0 1 .0
4 . 2 4 1 .1 5 1 .0
4 . 2 4 1 .2 0 1 .0
4 . 2 4 1 .2 5 1 . 0
4 . 2 4 1 .3 0 1 .0
4 . 2 4 1 .4 0 1 .0
4 . 2 4 1 .5 0 1 .0
4 . 2 4 1 .6 0 1 .0
4 . 2 4 1 .7 0 1 .0
y  Ry
}  ( i n ) __________
.0 5 .9 1 9
.0 7 5 .8 8 6
.1 0 .797
.1 5 .655
.2 0 .5 6 1
.2 5 .4 7 4








.0 5 1 .0 0














( f p s )
Ha
( f p s )
u i
( f p s )
ua
( f p s )
r i
( i n )
798 8 4 . 2 9 3 .1 5 .2 0 4 . 2 4 1 .8 0
799 8 2 . 2 9 3 .1 5 .3 5 4 . 2 4 1 .9 0
800 8 0 . 3 9 3 .1 5 . 5 1 4 . 2 4 2 .0 0
801 8 6 .2 8 7 .2 4 . 7 2 4 . 7 0 1 .5 5
802 8 5 . 2 8 7 . 2 4 . 7 2 4 . 7 0 1 .5 7 5
803 8 4 . 2 8 7 . 2 4 . 7 2 4 . 7 0 1 .6 0
804 8 4 . 2 8 7 . 2 4 .8 8 4 .7 0 1 .6 5
805 8 3 . 2 8 7 . 2 4 . 9 6 4 . 7 0 1 .7 0
806 8 2 .3 8 7 . 2 4 . 9 6 4 . 7 0 1 .7 5
807 8 2 . 3 8 7 .2 4 . 9 6 4 . 7 0 1 .8 0
808 8 1 . 3 8 7 .2 5 . 1 1 4 . 7 0 1 .9 0
809 8 0 .3 8 7 . 2 5 . 3 5 4 . 7 0 2 .0 0
810 7 8 . 4 8 7 . 2 5 . 5 1 4 . 7 0 2 .1 0
811 7 7 . 4 8 7 . 2 5 . 6 6 4 . 7 0 2 .2 0
812 7 4 . 4 8 7 , 2 6 . 1 4 4 . 7 0 2 .3 0
813 7 1 . 5 8 7 . 2 6 .9 3 4 . 7 0 2 .4 0
814 6 9 .5 8 7 . 2 7 . 0 8 4 . 7 0 2 .4 5
r 2
( i n )
y
( i n )
Ry -̂i
( i n )
\ a
( i n )
1 . 0 .8 0 .3 14 -
1 . 0 .9 0 .177 - «*
1 . 0 1 .0 0 . 125 - -
1 .5 0 .0 5 1 .0 2 .205 .201
1 .5 0 .0 7 5 1 .0 0 .205 .2 0 4
1 .5 0 .1 0 .937 - -
1 .5 0 .15 .853 - ao
1 .5 0 .2 0 .782 -
1 .5 0 .2 5 .756 - -
1 .5 0 .3 0 .659 - **
1 .5 0 .4 0 .577 - -
1 .5 0 .5 0 .446 -
1 .5 0 .6 0 .3 0 4 - -
1 .5 0 .7 0 .2 5 6 - •
1 .5 0 .8 0 .177 - -
1 .5 0 .9 0 .1 0 1 - -





























TABLE XII. RESULTS FROM TURBULENCE MEASUREMENTS
Re = 99y000; UQ = 50 fps
Ui
( f p s )
u 2
( f p s )
u i
( f p s )
u 2
( f p s )
r i
( i n )
r 2
( i n )
y
( i n )
R y X l
( i n )
4 9 . 2 4 9 . 2 1 .5 0 1 . 4 6 .0 5 0 .0 5 .987 .0 8 1
4 9 . 2 4 9 . 2 1 .5 0 1 .4 6 .0 7 5 0 .0 7 5 .908 .081
4 9 . 2 4 9 . 2 1 .5 0 1 . 4 6 .1 0 0 .1 0 .769 .080
4 9 .2 4 9 . 2 1 . 5 4 1 .4 6 .1 5 0 .1 5 .645 **
4 9 . 2 4 9 . 2 1 .5 7 1 .4 6 .2 0 0 .2 0 .586
4 9 . 2 4 9 . 2 1 .6 1 1 .4 6 .2 5 0 .2 5 .467 -
4 9 . 2 4 9 . 2 1 .6 5 1 .4 6 .30 0 .3 0 .375 -
4 9 . 2 4 9 . 2 1 .6 9 1 .4 6 .4 0 0 .4 0 .2 72 -
4 8 . 2 4 9 . 2 1 .7 3 1 . 4 6 .5 0 0 .5 0 .199 -
4 7 . 2 4 9 . 2 1 .7 3 1 . 4 6 .60 0 .6 0 .117 -
4 6 . 2 4 8 . 2 1 . 8 1 1 .4 6 .7 0 0 .7 0 .080 -
4 5 . 2 4 8 . 2 1 .8 9 1 .4 6 .8 0 0 .8 0 .0 32 -
4 4 . 3 4 8 . 2 1 .9 7 1 .4 6 .9 0 0 .9 0 .0 16 -
4 3 . 3 4 8 . 2 2 .0 0 1 .4 6 1 .0 0 1 . 0 .0 16 -
4 2 . 3 4 2 . 3 2 .0 5 1 .9 7 1 .0 5 1 .0 .0 5 .9 32 .108
4 2 . 3 4 2 . 3 2 .0 5 1 .9 7 1 .0 7 5 1 . 0 .0 7 5 .8 75 .1 0 8
4 1 . 3 4 2 . 3 2 .0 5 1 .9 7 1 .1 0 1 .0 .1 0 .8 16 .105
4 1 . 3 4 2 . 3 2 .0 5 1 .9 7 1 .1 5 1 .0 .1 5 .703 -
4 0 . 3 4 2 . 3 2 .0 5 1 .9 7 1 .2 0 1 .0 .2 0 .668 -
4 0 . 3 4 2 . 3 2 .0 9 1 .9 7 1 .2 5 1 .0 .2 5 .5 5 6 -
3 9 . 4 4 2 . 3 2 .0 9 1 .9 7 1 .3 0 1 .0 .3 0 .5 1 3 -
3 9 . 4 4 2 . 3 2 .1 3 1 .9 7 1 .4 0 1 .0 .4 0 .457 Ml
3 8 . 4 4 2 . 3 2 .2 0 1 .9 7 1 .5 0 1 .0 .5 0 .350 -
3 7 . 4 4 2 . 3 2 .2 8 1 .9 7 1 .6 0 1 .0 .6 0 .2 9 8 -





( f p s )
U2
( f p s )
u i
( f p s )
Ua
( f p s )
r i
( i n )
840 3 5 . 4 4 2 . 3 2 . 4 4 1 .9 7 1 .8 0
841 3 5 . 4 4 2 . 3 2 .4 8 1 .9 7 1 .9 0
842 3 4 . 4 4 2 . 3 2 .5 2 1 .9 7 2 .0 0
843 3 8 . 4 3 9 . 4 2 . 2 4 2 .2 0 1 .5 5
844 3 7 . 4 3 9 . 4 2 .2 8 2 .2 0 1 .5 7 5
845 3 6 . 4 3 9 . 4 2 .2 8 2 .2 0 1 .6 0
846 3 5 . 4 3 9 . 4 2 .2 8 2 .2 0 1 .6 5
847 3 5 . 4 3 9 . 4 2 .2 8 2 .2 0 1 .7 0
848 3 5 . 4 3 9 . 4 2 .3 6 2 .2 0 1 .7 5
849 3 5 . 4 3 9 . 4 2 .4 0 2 .2 0 1 .8 0
850 3 4 . 4 3 9 . 4 2 . 4 4 2 .2 0 1 .9 0
851 3 3 . 5 3 9 . 4 2 .4 8 2 .2 0 2 .0 0
852 3 3 .5 4 0 . 3 2 .5 2 2 .2 0 2 .1 0
853 3 1 . 5 4 0 . 3 2 .6 0 2 .2 0 2 . 2 0
854 3 0 . 5 4 0 .3 2 .6 8 2 .2 0 2 .3 0
855 2 8 .5 4 0 . 3 2 .7 6 2 .2 0 2 .4 0
856 2 6 .6 4 0 . 3 2 .9 9 2 .2 0 2 .4 5
857 2 8 .5 2 9 .5 2 .8 3 2 .8 0 2 .4 0
858 2 8 .5 3 0 .5 2 .8 3 2 .8 0 2 .4 0
859 2 8 .5 3 1 .5 2 .8 3 2 .8 0 2 .4 0
860 2 8 .5 3 2 .5 2 .8 3 2 .7 6 2 .4 0
861 2 8 .5 3 2 . 5 2 .8 3 2 .7 2 2 .4 0
862 2 8 .5 3 3 . 5 2 .8 3 2 .7 2 2 .4 0
863 2 8 .5 3 3 . 5 2 .8 3 2 .6 8 2 .4 0
864 2 8 . 5 3 5 . 4 2 . 8 3 2 .6 0 2 .4 0
r 2
( i n )
y
( i n )
Ry
( i n )
x 2
( i n )
1 . 0 .8 0 .147 - -
1 . 0 .9 0 .0 8 5 - -
1 . 0 1 . 0 .0 7 4 - -
1 .5 0 .0 5 .9 5 1 .115 .1 1 2
1 .5 0 .0 7 5 .883 .117 .110
1 .5 0 .1 0 .819 .117 .1 0 6
1 .5 0 .1 5 .715 - -
1 .5 0 .2 0 .652 - -
1 .5 0 .2 5 .558 -
1 . 5 0 .3 0 .518 - -
1 . 5 0 .4 0 .4 0 4 - -
1 .5 0 .5 0 .335 - -
1 .5 0 .60 .275 - -
1 .5 0 .7 0 .207 - -
1 .5 0 .8 0 .160 - -
1 .5 0 .9 0 .113 -
1 .5 0 .95 .066 - -
2 .3 6 0 .0 4 .9 0 4 .097 .0 8 3
2 .3 4 0 .0 6 .782 .0 9 5 .1 0 0
2 .3 2 0 .0 8 .699 .095 .1 0 0
2 .3 0 .10 .6 34 am -
2 .2 7 5 .125 .5 74 -
2 .2 5 .1 5 0 .5 5 5 - -
2 .2 0 .2 0 .485 - h-1
2 .1 5 .2 5 .4 0 4 -
N3
“  -P*
TABLE X II c o n t 'd
Run
No. ( f p s )
%
( f p s )
u i
( f p s )
u k
( f p s ) ( i n )
865 2 8 .5 3 5 . 4 2 .8 3 2 .5 2 2 .4 0
866 2 8 .5 3 6 . 4 2 .8 3 2 .5 2 2 .4 0
867 2 8 . 5 3 7 . 4 2 .8 3 2 .4 4 2 .4 0
868 2 8 . 5 3 8 . 4 2 .8 3 2 .4 0 2 .4 0
869 2 8 .5 3 9 . 4 2 .8 3 2 .3 6 2 .4 0
870 2 8 .5 3 9 . 4 2 .8 3 2 .2 8 2 .4 0
871 2 8 .5 4 0 . 3 2 .8 3 2 .1 3 2 .4 0
872 2 8 .5 4 0 . 3 2 .8 3 2 .0 5 2 .4 0
873 3 2 . 5 3 3 .5 2 .6 8 2 .6 8 2 .2 0
874 3 2 . 5 3 4 . 4 2 .6 8 2 .6 8 2 .2 0
875 3 2 . 5 3 4 . 4 2 .6 8 2 .6 8 2 .2 0
876 3 2 .5 3 4 . 4 2 .6 8 2 .6 0 2 . 2 0
877 3 2 .5 3 4 . 4 2 .6 8 2 . 5 6 2 .2 0
878 3 2 . 5 3 5 . 4 2 .6 8 2 . 5 2 2 .2 0
879 3 2 . 5 3 6 . 4 2 .6 8 2 . 5 2 2 . 2 0
880 3 2 . 5 3 7 . 4 2 . 6 8 2 . 4 4 2 .2 0
881 3 2 .5 3 7 . 4 2 .6 8 2 .3 6 2 . 2 0
882 3 2 . 5 3 8 . 4 2 . 6 8 2 .2 8 2 . 2 0
883 3 2 . 5 3 8 . 4 2 . 6 8 2 .2 0 2 .2 0
884 3 2 . 5 3 9 . 4 2 .6 8 2 . 1 6 2 .2 0
885 3 2 . 5 3 9 . 4 2 .6 8 2 .0 5 2 .2 0
886 3 2 . 5 4 0 . 3 2 .6 8 1 .9 7 2 .2 0
887 3 2 . 5 4 0 . 3 2 .6 8 1 .8 9 2 .2 0
888 3 3 . 5 3 4 . 4 2 .4 4 . 2 . 4 4 2 .0 0
889 3 3 . 5 3 5 . 4 2 . 4 4 2 . 4 4 2 .0 0
r a
( i n )
y %
( i n )
Xi
( i n )
X2
( i n )
2 .1 0 .3 0 .350 - -
2 .0 0 .40 .2 8 6 - -
1 .9 0 .5 0 .229 - -
1 .8 0 .6 0 .1 6 8 - -
1 .7 0 .7 0 .1 2 5 - -
1 .6 0 .8 0 .084 - -
1 .5 0 .90 .069 - -
1 .4 0 1 . 0 .047 - -
2 . 1 6 .0 4 .9 0 4 .117 .123
2 . 1 4 .0 6 .853 .117 .1 2 4
2 . 1 2 .0 8 .745 .117 .1 2 4
2 .1 0 .1 0 .6 9 4 - -
2 . 0 5 .1 5 . 656 - -
2 .0 0 .2 0 .573 - -
1 .9 5 .2 5 .485 - -
1 .9 0 .3 0 .45 9 - -
1 .8 0 .4 0 .363 - -
1 .7 0 . 5 0 .3 0 5 - -
1 .6 0 .60 .2 26 •m -
1 .5 0 .70 .1 8 4 - -
1 .4 0 .8 0 .168 - *■»
1 .3 0 .9 0 .1 22 - -
1 .2 0 1 . 0 .076 - -
1 .9 6 .0 4 .9 7 0 .113 .1 1 5






( f p s )
Ua
( f p s )
u i
( f p s )
u's
( f p s ) ( i n )
890 3 3 .5 3 5 .4 2 .4 4 2 .4 4 2 .0 0
891 3 3 .5 3 5 .4 2 .4 4 2 .3 6 2 .0 0
892 3 3 .5 3 6 .4 2 .4 4 2 .3 6 2 .0 0
893 3 3 .5 3 7 .4 2 .4 4 2 .3 2 2 .0 0
894 3 3 .5 3 7 .4 2 .4 4 2 .2 8 2 .0 0
895 3 3 .5 3 7 .4 2 .4 4 2 .2 8 2 .0 0
896 3 3 .5 3 8 .4 2 .4 4 2 .2 0 2 .0 0
897 3 3 .5 3 8 .4 2 .4 4 2 .1 2 2 .0 0
898 3 3 .5 3 9 .4 2 .4 4 2 .0 4 2 .0 0
899 3 3 .5 3 9 .4 2 .4 4 1 .9 7 2 .0 0
900 3 3 .5 4 0 .3 2 .4 4 1 .8 9 2 .0 0
901 3 3 .5 4 1 .3 2 .4 4 1 .8 9 2 .0 0
902 3 3 .5 4 1 .3 2 .4 4 1 .7 3 2 .0 0
r 2
( i n )
y
( i n )
Ry ^•i
( i n )
■̂a
( i n )
1 .9 2 .0 8 .8 0 4 .113 .119
1 .9 0 .1 0 .8 1 5 - -
1 .8 5 .1 5 .707 - a*
1 .8 0 .2 0 .63 3 - w
1 .7 5 .2 5 .5 2 8 - -
1 .7 0 .3 0 .4 6 9 - -
1 .6 0 .4 0 .387 - -
1 .5 0 .5 0 .3 5 4 - -
1 .4 0 .6 0 .2 8 2 - -
1 .3 0 .7 0 .2 7 3 - _
1 .2 0 .8 0 .2 0 4 - -
1 .1 0 ,90 .1 2 6 - -
1 .0 0 1 .0 0 .1 0 9 - -
126
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FIGURE 38
CORRELATION CURVE
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APPENDIX C
DISSIPATION OF ENERGY IN ISOTROPIC TURBULENCE
E q u a t io n  (1 1 -2 0 )  i s  t h e  g e n e r a l  e x p r e s s i o n  f o r  t h e  
r a t e  o f  d i s s i p a t i o n  o f  e n e rg y  d u e  t o  t u r b u l e n c e .  The r e ­
l a t i o n s h i p s  ( 1 1 - 2 1 ) ,  ( 1 1 - 2 2 ) ,  an d  ( 1 1 - 2 3 )  w h ic h  a r e  t r u e  
f o r  i s o t r o p i c  t u r b u l e n c e  r e d u c e s  E q u a t io n  (1 1 -2 0 )  t o
■j- - ‘ H i } ' *  s(-&-)% sw
E q u a t io n  (1 1 -2 4 )  c o n t a i n s  t h r e e  t e r r a s  an d  i t  w i l l  now 
b e  shown t h a t  t h e s e  t h r e e  t e r m s  a r e  r e l a t e d  t o  e a c h  o t h e r .  
T he c o n d i t i o n  o f  c o n t i n u i t y  r e q u i r e s  t h a t
9x  9y 9z
t h e r e f o r e ,
9u 9 v  9v 9w 9wI 9u_ \  I 9v  \ / 9w \ _ 9 / 9u 9y  9v 
I 9x  / + 1 9y / + \ 9z  /  ~ \  9x  9y  + 9y 9z  + 9z  
(C -2 )
From (C -2 )  t h e  c o n d i t i o n  o f  i s o t r o p y  r e q u i r e s  t h a t





o r  _________
du dy 
dx dy - 1 / 2  (C -4 )
d v  *
dx ▼ dy
T h is  s a y s  t h a t  t h e r e  i s  a  d e f i n i t e  c o r r e l a t i o n  c o e f f i c i e n t
b e tw e e n  u  and  j*v  e q u a l  t o  - 1 / 2 .  dx  dy
E q u a t io n  (C -4 )  i n v o l v e s  o n l y  two o f  t h e  p a r t i a l  d e ­
r i v a t i v e s  o f  w h ic h  t h e r e  a r e  a  t o t a l  o f  n i n e ,
du dy  dw du dy  dw du  dy  dw
d x  ’ dx  * dx '  dy  ’ dy ’ dy  ’ d z  3 d z  J dz
T h e r e  a r e  36 p o s s i b l e  c o m b i n a t i o n s  o f  t h e s e  n i n e  q u a n t i t i e s
t a k e n  two a t  a  t i m e ,  a n d  t h e  m o s t  g e n e r a l  q u a d r a t i c  c o n t a i n s  
45 t e r m s ,  t h e  n i n e  s q u a r e s  and  t h e  36 c o m b i n a t i o n s  o f  tw o .
T h e s e  45 t e r m s  f a l l  i n t o  t e n  g r o u p s  f o r  t h e  c a s e  o f  
i s o t r o p i c  t u r b u l e n c e .  T h e s e  g r o u p s  e i t h e r  c o n t a i n  t h r e e  o r  
s i x  t e r m s  w h ic h  a r e  e q u a l  t o  o n e  a n o t h e r .  F o r  e x a m p le ,  a  
g ro u p  c o n t a i n i n g  t h r e e  e q u a l  t e r m s  c o n s i s t s  o f
a n d ( - ^ '





du dw tTy 5~u dy  <Tw dw 5~u
dx dy •* dy d z  * dy  dx  * "Si dy * and
The t e n  p o s s i b l e  i n d e p e n d e n t  v a l u e s  w i l l  b e  r e p r e s e n t e d  by  
a i ,  a.z, . . . . a i 0 a c c o r d i n g  t o  t h e  n o t a t i o n  shown i n  T a b l e  X I I I .
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E q u a t io n  (1 1 -2 4 )  i n  t e r m s  o f  t h i s  s y s te m  becom es 
"j?
—”  = 6 a 1 + 6 a 3 + 6ag (C—5)
I n  o r d e r  t o  show t h a t  t h e  t e n  g ro u p s  a r e  i n t e r c o n n e c t e d  
i t  i s  n e c e s s a r y  t o  p r o v e  n i n e  l i n e a r  r e l a t i o n s h i p s .  E q u a t io n  
(C -4 )  i s  on e  o f  t h e s e  r e l a t i o n s h i p s  and e x p r e s s e d  i n  te rm s  
o f  t h e  n o m e n c la tu r e  o f  T a b l e  X I I I  i s
a x = - 2 a 6 . (C -6)
The q u a n t i t i e s  u ,  v ,  w, x ,  y ,  z c a n  b e  t r a n s f o r m e d  t o  
u " ,  v " ,  w ", x " ,  y " ,  z "  by  r o t a t i o n  o f  t h e  a x e s  th r o u g h  a 
45 °  a n g l e  so  t h a t
v/~2x" = x + y / 2 u "  = u + v
/ 2 y "  = - x  + y  \/"2v" = - u  + v  (C -7 )












_ -i /o  (  d u 11 dv"  d u "  d y " N
^ d x "  “ d x "  ” d y "  d y " /
l / 0 / d u "  d v "  d u "  d v " \
'  \  dx"  d x "  “ d y "  d y " /
-  A - ( - $  -  - $ )  < c -8 )
, , n (  du" d v "  . d u "  dy"  \
“  U  \  dx" " d x "  + d y "  '  d y " /
(  d u "  d v "  3 u "  d v "  \
\  dx" d x "  d y "  + d y " /= 1/2
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9w _  1 I 9w" , 9w'




/  9u" 9v"
\  9 z " 9 z"
(  9 u n + • 9v"
9z  Jo  » -  ,
^  ) ' (C -8 )
9v




I f  t h e  t r a n s f o r m e d  e x p r e s s i o n  f o r  9x i s  s q u a r e d  and  t h e  
a p p r o p r i a t e  sy m b o ls  f rom  T a b le  X I I I  a r e  s u b s t i t u t e d , i t  i s  
fo u n d  t h a t
(C -9)
= 1 /2  ( a i  + a 3 -  a 5 -  a  + a 6 + a 0  -  a 2 -  a 5) .
S i m i l a r l y  
"5
( \  = a L = l / 2 ( a x + a 3 + a 5 + a 2 + a 6 + a 8 + a 2 + a 5 ) ,
'  i (C -10)
= a ,  = l / 2 ( a x + a 3 -  a_ + a 2 -  a 6 -  a  + a 2 - a s ) ,
v dy  I ( C - l l )
~ a 3 = l / 2 ( a x + a 3 + a 5 - a 2 -  a 6 -  a a -  a a + a 5 ) .
V 9x  /  (C -12 )
T h e s e  e q u a t i o n s  y i e l d  t h e  f o l l o w i n g  r e l a t i o n s h i p s :
a 2 = a 5 = 0 (C -13 )
an d
ax _ a2j - a6 - 3g = 0 (C~14)
TABLE X I I I  
SYMBOLS FOR ENERGY DISSIPATION TERMS







du dy  
dx  dx
du  dv 
dx  dy








Symbol a i a 2 a 3 a4 a s Be a.y aa a 9 a i o
Number 
o f  t e rm s  
i n  g ro u p
3 6 6 3 6 3 6 3 6 3 45
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A l s o ,  f ro m  t h i s  t r a n s f o r m a t i o n  t h e  f o l l o w i n g  r e l a t i o n -






= a i 0 — l / 2  
1
fe -r- — 1/ 2(33 -  a 3 ) — 0 (C -1 5 )
(C -1 6 )
9x  dz (C -1 7 )
S in c e
e l2  ~ 3 9  = 0 8 7 ( ^ 2  — 1) = (C -1 8 )
 —2— = a*  = 2 ( a 2 -  a 9 + a 4 -  a - -  a 7 +• a*  -  a© + a a ) ,
3y  ( C - 19)
i t  f o l l o w s  t h a t
a * (  / 2  -  1) + 3 7  = 0 .  (C -2 0 )
E q u a t i o n s  (C -1 8 )  and  (C -2 0 )  c a n  b e  com b ined  t o  g i v e
a*  = a 7 -  0 (C -2 1 )
So f o r  s i x  o f  t h e  t e n  i n d e p e n d e n t  g r o u p s  a r e  z e r o ,  
n a m e ly ,  a a ,  a 4 , a 5, a 7 , a 9, a i o  . The tw o in d e p e n d e n t  r e l a ­
t i o n s h i p s  b e tw e e n  t h e  r e m a in i n g  f o u r  g r o u p s  a r e
ax — -  2a 6 a n d  ax — a  3 — ag — a 9 — 0 .
A f i n a l  r e l a t i o n s h i p  i s  o b t a i n e d  b y  t h e  vo lum e  i n t e ­
g r a t i o n  o f  t h e  e q u a t i o n  f o r  t h e  r a t e  o f  d i s s i p a t i o n ,  E q u a t io n  
( 11 - 20 ) .
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I l f d x d y x z  -  / / / [ 2 ( _ ^ ) % 2 ( _ | ^  + 2 ( ^ . )
+  ( T f - + - 5 7 - ) a  +  ( - ^ + - | 7 - ) 2
+(-ir+T7-n«
= JJJ (C2 + T12 + r a ) dx d y d z  -  J J ( q 2 ) d s
+ 2
1 in n
u v  w
c n r
d s ,  (C-2.2)If
w h e re  C = ( - £ }  - ( - £ - ) •  e r e .
The I n t e g r a l s  a r e  t a k e n  o v e r  t h e  c lo u d  s u r f a c e  s  and  t h r o u g h  
i t s  v o lu m e . The s u r f a c e  i n t e g r a l s  may b e  n e g l e c t e d  b e c a u s e  
t h e y  a r e  s m a l l  com pared  t o  t h e  v o lum e  i n t e g r a l s .  T h e r e f o r e ,  
f ro m  (C -2 2 )  t h e  f o l l o w i n g  e x p r e s s i o n  r e s u l t s  when t h e  sy m b o ls  
o f  T a b l e  X I I I  a r e  u s e d :
E  = 6 a x + 6 a 3 + 6 a 8 = 6 a 3 -  6ae (C -2 3 )
V*
c o n s e q u e n t l y ,
a x + 2a8 = 0 .  (C -2 4 )
Now i f  ( C - 6 ) , ( C - 1 4 ) ,  and  (C -2 4 )  a r e  s o l v e d ,  t h e  r e s u l t s  a r e
a x = l / 2 a 3 = - 2 a 6 = - 2 a 8 (C -2 5 )
T d ^ TThe e n e r g y  d i s s i p a t i o n  may b e  e x p r e s s e d  t e r m s  o f  I j  
w i t h  t h e  f o l l o w i n g  r e s u l t :
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Distance From Pipe Center, r (inches)
FIGURE 76
MEAN VELOCITY PROFILE
Distance From Pipe Center, r (inches)
APPENDIX E
ERROR ANALYSIS
The i n a c c u r a c i e s  i n  t u r b u l e n c e  m e a s u re m e n ts  made w i t h  
a  h o t  w i r e  an em om eter  a r i s e  from  a  v a r i e t y  o f  s o u r c e s ,  and 
f o r  t h i s  r e a s o n  i t  i s  d i f f i c u l t  t o  e v a l u a t e  t h e  e r r o r  i n  
t h e s e  m e a s u re m e n ts .  T h e re  a r e  s i x  s o u r c e s  o f  e r r o r s  i n  
t u r b u l e n c e  m e a s u re m e n ts ,  an d  t h e s e  a r e :
(1 )  T he a c c u r a c y  o f  t h e  t u r b u l e n c e  m e a su re m e n ts  a r e  
d e p e n d e n t  on  t h e  l i n e a r i t y  o f  t h e  v o l t a g e - v e l o c i t y  
c u r v e .  T h is  c u r v e  c a n  b e  made l i n e a r  f o r  t h e  Type 3A 
A nem om eter u s e d  i n  t h i s  p r o j e c t  by  v a r y i n g  t h e  o v e r ­
h e a t i n g  r a t i o  o f  t h e  h o t  w i r e .  Of c o u r s e ,  c o m p le te  
l i n e a r i t y  was n o t  o b t a i n e d  i n  a l l  c a s e s  e s p e c i a l l y  a t  
low  v e l o c i t i e s .
(2 )  T he c a l i b r a t i o n  c o n s t a n t s  a r e  s u b j e c t  t o  a  c e r t a i n  
p e r c e n t a g e  e r r o r  and t h i s  same p e r c e n t a g e  e r r o r  i s  i n ­
t r o d u c e d  i n t o  t h e  d e t e r m i n a t i o n  o f  t h e  t u r b u l e n c e  
q u a n t i t i e s .  T h i s  e r r o r  i s  on t h e  a v e r a g e  a ro u n d  2 o r  3 
p e r c e n t .  M ore s e r i o u s  e r r o r s  c a n  b e  i n t r o d u c e d  by
c h a n g e s  i n  t h e  c a l i b r a t i o n  c o n s t a n t s  t h a t  o c c u r  d u r i n g  
t h e  u s e  o f  t h e  w i r e .  T h e s e  c h a n g e s  a r e  c a u s e d  b y  d u s t
190
191
p a r t i c l e s  t h a t  a c c u m u la t e  on t h e  w i r e .
(3 )  T h e r e  a r e  two i m p o r t a n t  f a c t o r s  c o n c e r n i n g  t h e  s i z e  
o f  t h e  w i r e s .  T h e r e  i s  a  minimum l i m i t  on t h e  l e n g t h
o f  t h e  w i r e  d u e  t o  t h e  f a c t  t h a t  t h e  b a s i c  h o t - w i r e  
f o r m u la s  a r e  b a s e d  on a  i n f i n i t e l y  lo n g  w i r e .  The 
d e v i a t i o n s  f ro m  t h e s e  f o r m u l a s  becom e s e r i o u s  f o r  r e a l  
s h o r t  w i r e s .  T h e re  i s  a l s o  a  l i m i t  t o  t h e  maximum d i a ­
m e t e r  o f  t h e  w i r e  w h ic h  i s  e s t a b l i s h e d  by  t h e  s c a l e  o f  
t u r b u l e n c e .
(4 )  T h e  h o t - w i r e  a m p l i f i e r  d o e s  n o t  r e s p o n d  p r o p e r l y  
f o r  b o t h  v e r y  low  and  v e r y  h i g h  f r e q u e n c y  f l u c t u a t i o n s .
The m e t e r s  f l u c t u a t e  c o n s i d e r a b l y  a t  low  v e l o c i t i e s .
T h is  i s  c a u s e d  b y  t h e  low  f r e q u e n c y  t u r b u l e n c e .  T h is  
f l u c t u a t i o n  c a n  c a u s e  e r r o r s  a s  h i g h  a s  20 p e r c e n t .
(5 )  E l e c t r o n i c  n o i s e  a f f e c t  t u r b u l e n c e  m e a su re m e n ts  
a t  lo w  t u r b u l e n c e  i n t e n s i t y  ( l e s s  t h a n  0 .5  p e r c e n t ) .  
M e c h a n ic a l  n o i s e  w h ic h  i s  m o s t  o f t e n  c r e a t e d  b y  p ro b e  
v i b r a t i o n  h a s  a  h i g h l y  p e a k e d  s p e c t r u m .  S in c e  m e c h a n i ­
c a l  n o i s e  i s  o f t e n  i n  t h e  r e l a t i v e  h i g h  p o r t i o n  o f  
t h e  f r e q u e n c y  s p e c t r u m ,  i t  c a u s e s  s e r i o u s  i n a c c u r a c i e s  
i n  d e t e r m i n i n g  t h e  m i c r o s c a l e  o f  t u r b u l e n c e  w h ic h  i n ­
v o l v e s  d i f f e r e n t a t i o n  o f  t h e  h o t - w i r e  s i g n a l .
(6 )  T he  e l e c t r o n i c  e q u ip m e n t  h a s  b u i l t  i n  e r r o r s  du e  
t o  t h e  i n a c c u r a c i e s  i n  t h e  e l e c t r o n i c  c o m p o n e n ts ,  i . e . ,
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r e s i s t o r s ,  c a p a c i t o r s ,  m e t e r s ,  e t c .  H u b b a rd 10 h a s  e s t i ­
m a ted  t h a t  b e c a u s e  o f  t h e  h i g h  q u a l i t y  co m p o n en ts  u s e d
i n  t h e  T ype  3a Anem ometer t h e s e  i n t e r n a l  e r r o r s  w i l l  b e  
l e s s  t h a n  5 p e r c e n t .
T h e se  a b o v e  s o u r c e s  o f  e r r o r s  c a n  b e  u s e d  a s  a  g u id e  
t o  e s t i m a t e  t h e  a c c u r a c y  o f  t h e  f o l l o w i n g  t u r b u l e n c e  m e a s u r e ­
m e n ts  .
1 . Mean v e l o c i t y  -  5% ,e x c e p t  a t  low  v e l o c i t i e s  w here  
low  f r e q u e n c y  t u r b u l e n c e  c a u s e s  c o n s i d e r a b l e  m e t e r  f l u c ­
t u a t i o n s  a n d  e r r o r s  a s  h i g h  a s  10 p e r c e n t  m ig h t  b e  e x p e c t e d .
2. I n t e n s i t y  o f  t u r b u l e n c e  -  107o, e x c e p t  f o r  low  v e l o ­
c i t i e s  w h e re  e r r o r s  a s  h i g h  a s  20 p e r c e n t  m ig h t  o c c u r .
3 .  C o r r e l a t i o n  c o e f f i c i e n t  -  10%, e x c e p t  f o r  low  v e l o ­
c i t i e s  w h e re  m e te r  f l u c t u a t i o n s  becom e s e v e r e .
4 .  M a c r o s c a le  o f  t u r b u l e n c e  -  10%.
5 .  L o n g i t u d i n a l  m i c r o s c a l e  o f  t u r b u l e n c e  -  10%, e x c e p t  
a t  R e y n o ld s  num bers  b e lo w  1 0 0 ,0 0 0  w h e re  t h e  n o i s e  s i g n a l  
i s  o f  t h e  same m a g n i tu d e  a s  t h e  t u r b u l e n c e  s i g n a l .
6 .  L a t e r a l  m i c r o s c a l e  o f  t u r b u l e n c e  -  The e r r o r  i n  
t h e s e  m e a su re m e n ts  i n  some c a s e s  i s  e x t r e m e l y  l a r g e ,  and  
i t  i s  a lm o s t  i m p o s s i b l e  t o  a c c e s s  a  v a l u e  o f  t h e  i n a c ­
c u r a c y  .
APPENDIX F 
CALIBRATION OF THE HOT WIRE
The h o t  w i r e s  w e re  c a l i b r a t e d  by  m o u n t in g  t h e  w i r e  and  
a  p i t o t  t u b e  s i d e  by  s i d e  i n s i d e  t h e  p i p e .  The v e l o c i t y  o f  
t h e  f l u i d  was d e t e r m i n e d  by  t h e  m an o m ete r  c o n n e c te d  t o  t h e  
p i t o t  t u b e .  A t d i f f e r e n t  f lo w  r a t e s  t h e  v e l o c i t y  an d  t h e  
D .C . p a n e l  m e t e r ,  I ,  w e r e  r e c o r d e d .  T h e s e  v a l u e s  w e re  
p l o t t e d  on a  g r a p h  o f  U v e r s u s  I .  A t r i a l  and  e r r o r  p r o ­
c e d u r e  was em ployed  t o  d e t e r m i n e  t h e  o v e r h e a t i n g  r a t i o  
w h ic h  g a v e  a  l i n e a r  r e l a t i o n s h i p  b e tw e e n  U and  I .  The 
s l o p e  o f  t h e  c u r v e  U v e r s u s  I  was m e a s u r e d .  T h i s  s l o p e  i s  
t h e  c a l i b r a t i o n  c o n s t a n t  w h ic h  was u s e d  i n  t h e  c a l c u l a t i o n  
o f  t h e  t u r b u l e n c e  q u a n t i t i e s .  A t y p i c a l  c a l i b r a t i o n  c u r v e  
i s  g i v e n  i n  F i g u r e  77 . T he m ethod  o f  l e a s t  s q u a r e s  was 












Wire No. 103 
A = 9 9 .3  ( fp e /m o )
2 0
0 .2 0.80 .4 1.00.6
I  (m illiam ps)
APPENDIX G 
SAMPLE CALCULATIONS
1. Mean V e l o c i t y
U = A 1
F o r  P r o b e  (1 )  W ire  No. 103., 0 -1 0 0  F t / s e c  
C a l i b r a t i o n
A = 9 9 .3  F t / s e c / m a
At rx  = 0 ,  Run No. 101
I i  = 1 . 0
U = ( 9 9 . 3 ) ( 1 . 0 )  = 9 9 .3  F t / s e c .
2. A v e ra g e  Mean V e l o c i t y
Ur was p l o t t e d  v e r s u s  r  and  t h e  a r e a  u n d e r  
t h e  c u r v e  was m e a s u re d .
Uavg U d r
F o r  U0 = 9 9 .3  F t / s e c
Uavg
^ av g  = 8 6 .4  F t / s e c
195
196
3 . R e y n o ld s  Number 
F o r  UQ = 9 9 .3
Re .
Re = ..C5 • •0 7 3 § • 4 ) = 2 1 3 ,0 0 0
K ( 1 2 ) ( 1 . 2 4 2  x 1 0 -5 )  iJjUU
4 .  I n t e n s i t y  o f  T u r b u le n c e
u 1 = A B F I T
F o r  P ro b e  (1 )  W ire  No. 10 3 , 0 -1 0 0  F t / s e c  
C a l i b r a t i o n
Ax = 9 9 . 3  F t / s e c / r o a
Bx = . 0 0 2
At r x = 0 ,  Re = 2 1 3 ,0 0 0
F = 8
I n  = 2 .1 5  ma
u 1 = ( 9 9 . 3 ) ( 0 . 0 0 2 ) ( 8 ) ( 2 . 1 5 )  = 3 .4 2  F t / s e c
5 .  C o r r e l a t i o n  C o e f f i c i e n t
P  -  U l U 2  _  1 / / , ___ ______
Ry  ( F I T i  ) ( F i r e  )
F o r  rx  = 0 , y  = 0 . 6  , Run No. 115
f i ta  = 2 8 .8
F I tB  = 2 3 .2
F I T l = 1 7 .2
FITa = 18.0
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R = 2 8 . 82 -  2 3 . 2 s
y  4 ( 1 7 . 2 ) ( 1 8 . 0 )
Ry = 0 .2 3 5
6. M a c r o s c a le  o f  T u r b u le n c e
y
Ly " L Ry  dy
The a r e a  u n d e r  t h e  Ry v e r s u s  y c u rv e  w as o b t a i n e d  
by n u m e r i c a l  i n t e g r a t i o n  w i t h  t h e  a i d  o f  a d i g i ­
t a l  c o m p u te r  (IBM -  1 6 2 0 ) ,
7. L o n g i t u d i n a l  M i c r o s c a l e  o f  T u r b u le n c e
D FtD I t D
F o r  P ro b e  (1 )  W ire  No. 103 , 0 -1 0 0  F t / s e c  
c a l i b r a t i o n
B = 0 .0 0 2
D = 3 7 .6 8
F o r  r x = 0 , Re = 2 1 3 ,0 0 0  , Run No. 101
U = 9 9 .3
F r  I rx  = 1 7 .2
F tD I t Di  = 9 .6
Xx = 0.113 inches
198
8 .  L a t e r a l  M i c r o s c a l e  o f  T u r b u le n c e .
y
Xy = ( 1  -  R y ) 1 / 2
From F i g u r e  12 , r x = 2 .4 9  , Re
F o r  y = 0 .0 4  F o r  y  =
Ry = 0 . 7 3 0  Ry =
Xy =  0 . 0 4 .  ,  \ y
7  (1  -  .7 3 )  / a
= .077
■̂y a v g  = 0 .0 7 9  i n c h e s
= 1 3 8 ,0 0 0
0 .0 5
0 .6 3 5
0 .0 5  




c a l i b r a t i o n  c o n s t a n t  f o r  h o t  w i r e  
c a l i b r a t i o n  c o n s t a n t  f o r  P ro b e  (1) 
c a l i b r a t i o n  c o n s t a n t  f o r  P ro b e  (2 )
B a s i c  c a l i b r a t i o n  c o n s t a n t  f o r  RMS A n a ly z e r  
H e a t  c a p a c i t y  o f  f l u i d
c a l i b r a t i o n  c o n s t a n t  f o r  d i f f e r e n t i a t i n g  c i r c u i t  
D ia m e te r  o f  w i r e
R a te  o f  d i s s i p a t i o n  o f  e n e r g y  p e r  u n i t  m ass
A v e ra g e  r a t e  o f  d i s s i p a t i o n  o f  e n e r g y  p e r  u n i t  
m ass
M u l t i p l y i n g  f a c t o r  f o r  RMS A n a l y z e r  f o r  P ro b e  (1)
M u l t i p l y i n g  f a c t o r  f o r  RMS A n a l y z e r  f o r  P ro b e  (2 )
M u l t i p l y i n g  f a c t o r  f o r  RMS A n a l y z e r  f o r  a d d i ­
t i o n  o f  t h e  two. s i g n a l s
M u l t i p l y i n g  f a c t o r  f o r  RMS A n a l y z e r  f o r  s u b -  
t r a t i o n  o f  t h e  two s i g n a l s
G r a s h o f  num ber f o r  h o t  w i r e
A c c e l e r a t i o n  due  t o  g r a v i t y
H e a t  t r a n s f e r  c o e f f i c i e n t
I n s t a n t a n e o u s  c u r r e n t  i n  t h e  m e t e r i n g  c i r c u i t
I n s t a n t a n e o u s  c u r r e n t  i n  t h e  m e t e r i n g  c i r c u i t  
from  P ro b e  (1 )
I n s t a n t a n e o u s  c u r r e n t  i n  t h e  m e t e r i n g  c i r c u i t  
from  P ro b e  (2 )
A v e ra g e  c u r r e n t  i n  t h e  m e t e r i n g  c i r c u i t  from  
P ro b e  ( 1 ) ,  a n d  a l s o  t h e  r e a d i n g  o f  t h e  D. C. 
P a n e l  m e t e r  i n  C h a n n e l  1
A v e ra g e  c u r r e n t  i n  t h e  m e t e r i n g  c i r c u i t  from  
P ro b e  ( 2 ) ,  a n d  a l s o  t h e  r e a d i n g  o f  t h e  D. C. 
P a n e l  m e t e r  i n  C h a n n e l  2
RMS A n a ly z e r  r e a d i n g
RMS A n a l y z e r  r e a d i n g  f o r  P ro b e  (1)
RMS A n a l y z e r  r e a d i n g  f o r  P ro b e  (2)
RMS A n a l y z e r  r e a d i n g  f o r  a d d i t i o n  o f  t h e  two
s i g n a l s
RMS A n a l y z e r  r e a d i n g  f o r  s u b t r a c t i o n  o f  t h e  
two s i g n a l s
RMS A n a ly z e r  r e a d i n g  w i t h  d i f f e r e n t i a t o r  on
I n s t a n t a n e o u s  c u r r e n t  t h r o u g h  t h e  w i r e
C o n s t a n t  i n  K i n g ' s  e q u a t i o n
C o n s t a n t  i n  K i n g ' s  e q u a t i o n
T h e rm a l  c o n d u c t i v i t y  o f  g a s
L o n g i t u d i n a l  m a c r o s c a l e  o f  t u r b u l e n c e  b a s e d  
on E u l e r i a n  f lo w
L a t e r a l  m a c r o s c a l e  o f  t u r b u l e n c e  b a s e d  on 
E u l e r i a n  f lo w
M a c r o s c a le  o f  t u r b u l e n c e  b a s e d  on L a g r a n g ia n  
f lo w
I n t e g r a l  num ber
F i x e d  p o i n t  i n  f l u i d  s t r e a m
P r a n d t l  num ber
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Q -  V a r i a b l e  p o i n t  i n  f l u i d  s t r e a m
q - H e a t  l o s s  p e r  u n i t  t im e
R - E l e c t r i c a l  r e s i s t a n c e
Rg - R e s i s t a n c e  o f  w i r e  a t  g a s  t e m p e r a t u r e
Rq -  R e s i s t a n c e  o f  w i r e  a t  an  a r b i t r a r y  r e f e r e n c e
t e m p e r a t u r e
Rw - R e s i s t a n c e  o f  h o t  w i r e
r x  -  L o n g i t u d i n a l  c o r r e l a t i o n  c o e f f i c i e n t  b a s e d
on E u l e r i a n  f lo w
R„ -  L a t e r a l  c o r r e l a t i o n  c o e f f i c i e n t  b a s e d  on
E u l e r i a n  f lo w
R i j  -  G e n e r a l  c o r r e l a t i o n  c o e f f i c i e n t  b e tw e e n  t h e
f l u c t u a t i n g  v e l o c i t i e s  i  a n d  j  b a s e d  on E u l e r i a n  
f lo w
R£ - C o r r e l a t i o n  c o e f f i c i e n t  b a s e d  on L a g r a n g ia n
f lo w
Re - P i p e  R e y n o ld s  num ber
(Re)w ~ R e y n o ld s  num ber b a s e d  on w i r e  d i a m e t e r
r  - r a d i a l  d i s t a n c e  from  p i p e  c e n t e r
r x -  r a d i a l  d i s t a n c e  o f  P ro b e  (1 )  from p i p e  c e n t e r
r 2 - r a d i a l  d i s t a n c e  o f  P ro b e  (2 )  from  p i p e  c e n t e r
r 0 -  p i p e  r a d i u s
s - L e n g th  o f  h o t  w i r e
T -  T e m p e r a tu r e
T0 -  R e f e r e n c e  t e m p e r a t u r e
T - T e m p e r a tu r e  o f  g a s  s t r e a m
&
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Tw -  T e m p e r a tu r e  o f  h o t  w i r e
AT - T e m p e ra tu r e  d i f f e r e n c e
t  -  t im e
U -  i n s t a n t a n e o u s  v e l o c i t y  i n  x - d i r e c t i o n
U -  Mean v e l o c i t y  i n  x - d i r e c t i o n
UG -  Maximum mean v e l o c i t y  i n  x - d i r e c t i o n
U -  Mean v e l o c i t y  i n  x - d i r e c t i o n  m e a s u re d  by
P ro b e  (1 )
U -  Mean v e l o c i t y  i n  x - d i r e c t i o n  m e a s u re d  by
P ro b e  (2 )
u -  F l u c t u a t i n g  v e l o c i t y  i n  x - d i r e c t i o n
u '  -  I n t e n s i t y  o f  t u r b u l e n c e  i n  x - d i r e c t i o n
u |  -  I n t e n s i t y  o f  t u r b u l e n c e  i n  x - d i r e c t i o n
m e a s u r e d  by  P r o b e  (1 )
u 1 -  I n t e n s i t y  o f  t u r b u l e n c e  i n  x - d i r e c t i o n
m e a s u re d  by  P ro b e  (2 )
Ue -  V e l o c i t y  p e r p e n d i c u l a r  t o  w i r e
V -  I n s t a n t a n e o u s  v e l o c i t y  i n  y - d i r e c t i o n
V -  Mean v e l o c i t y  i n  y - d i r e c t i o n
v  -  F l u c t u a t i n g  v e l o c i t y  i n  y - d i r e c t i o n
v '  -  I n t e n s i t y  o f  t u r b u l e n c e  i n  y - d i r e c t i o n
W -  I n s t a n t a n e o u s  v e l o c i t y  i n  z - d i r e c t i o n
W -  Mean v e l o c i t y  i n  z - d i r e c t i o n
w - F l u c t u a t i n g  v e l o c i t y  i n  z - d i r e c t i o n
w ' -  I n t e n s i t y  o f  t u r b u l e n c e  i n  z - d i r e c t i o n
X - Distance in the x-direction
C o o r d i n a t e  i n  t h e  d i r e c t i o n  o f  f low  
D i s t a n c e  i n  t h e  y - d i r e c t i o n  
A v e ra g e  d i s t a n c e  i n  t h e  y - d i r e c t i o n  
P r o b e  s e p a r a t i o n  i n  t h e  y - d i r e c t i o n
T e m p e r a tu r e  c o e f f i c i e n t  o f  e l e c t r i c a l  
r e s i s t i v i t y  o f  w i r e
C o e f f i c i e n t  o f  e x p a n s io n  o f  g a s
D e n s i t y  o f  m an o m ete r  f l u i d
D e n s i t y  o f  g a s
L o n g i t u d i n a l  m i c r o s c a l e  o f  t u r b u l e n c e
L a t e r a l  m i c r o s c a l e  o f  t u r b u l e n c e
L o n g i t u d i n a l  m i c r o s c a l e  o f  t u r b u l e n c e  
m e a s u r e d  by  P ro b e  (1)
L o n g i t u d i n a l  m i c r o s c a l e  o f  t u r b u l e n c e  
m e a s u r e d  by  P ro b e  (2)
Time i n t e r v a l
v i s c o s i t y  o f  g a s
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